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INTRODUCTION

The Coordinated Research Program in Pulsed Power Physics is a

multi-investigator program involving 6 Principal Investigators, II
1 Associate Investigator and 11 Graduate Students. Other faculty

investigators from Electrical Engineerings, Physics and Chemistry,

also interacted and cooperated at various times. The program is

jointly sponsored by AFOSR and ARO. Some 8 refereed journal

articles and 16 conference proceedings papers were published

during the 27 month contract period. Several other papers were

prepared and two Journal papers have recently been submitted for

publication. All of the papers listed in the Faculty Publication

section are reproduced in the Appendices. The main projects are

Opening Switches, Spark Gap and Arc Discharge Investigations, and

Exploratory Concepts.
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SUMMARY OF RESEARCH OBJECTIVES

for

October 1984 - January 1987

OPENING SWITCHES

I. Investigation of repetitive e-beam controlled discharges

with respect to the influence of different gas properties

such as attachment rate coefficient, drift velocity, and

Penning ionization - Modeling of diffuse discharges,

including control mechanisms.2
II.- Investigations of the interaction of discharge and circuit

for discharge pulses with short risetimes.

III. Investigation of optogalvanic effects with respect to their

use as discharge control mechanisms.

IV. Studies of concepts for optically assisted, externally

sustained, diffuse discharge switches.

SPARK GAP AND ARC DISCHARGE INVESTIGATIONS

V. Studies of the limitations on high current, high energy

switches resulting from electrode erosion. -"

VI. Investigation of x-ray ionization of switch gases.

VII. Investigation of insulator performance when subjected to

repetitive surface discharge switching. .

4
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EXPLORATORY CONCEPTS

VIII. A new approach to field distortion triggering of spark

gaps.

IX. Design, construction, and testing of two different high

voltage linetype pulsers.

X. An electromagnetic method for injecting a projectile into a

mass driver.

.I"
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OPENING SWITCHES

(G. Schaefer, K.H. Schoenbach, H. Krompholz,

M. Kristiansen, B.E. Strickland, R.A. Korzekwa,

D. Skaggs, G.Z. Hutcheson, and K.R. Rathbun)

I. Summary of the Investigations of Repetitive E-Beam Controlled

Discharges

The primary objective of this work is to study control proc-

esses in externally sustained or controlled diffuse discharges,

with respect to their application as opening switches. Concepts

for diffuse discharge opening switches have been developed, exper-

imental facilities have been assembled and experiments have been

performed to investigate the applicability of these concepts.

Computer codes have been developed and applied to different

systems to allow optimization and scaling.

The major research areas during the research period 1984/87

in the field of diffuse discharge opening switches were:

- concepts for diffuse discharge opening switches (Section II)

- the electron-beam sustained diffuse discharge (Section III)

- the optically controlled diffuse discharge, where optical

control either means increased conductivity of the discharge

by means of laser radiation or optical stimulation of loss

processes (Section IV).

5%S
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For the investigation of the electron-beam sustained dis-

charge an apparatus was designed, operated, and improved, which

allows investigations of repetitive opening in the time range of

100 ns at current levels of up to 10 kA.

Experiments performed with this device concentrated on inves-

tigation on the influence of specific gas properties on the char-

acteristic and the transient behavior of the discharges.

The investigations on optical control processes concentrated

on two mechanisms:

1) photodetachment

2) photoenhanced attachment

and their influence on the characteristics of externally and self

sustained discharges.

II. Opening Switch Concepts

(G. Schaefer and K.H. Schoenbach)

.%'S

The development and evaluation of new switch concepts and the

utilization of new processes for external discharge control was a

permanent issue during the entire research period. Individual

processes considered in the last two years are presented in the

next two sections. A general overview of the field of diffuse

discharge opening switches is presented in a review article which

has been published in IEEE Transactions on Plasma Sciences (Appen-

dix A). A short review was also presented at the IEEE Pulsed

Power Conference, 1985 (Appendix B).

% V:. °.5
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III. E-Beam Controlled Diffuse Discharge Switch

(G. Schaefer, K.H. Schoenbach, H. Krompholz, M. Kristiansen,

B.E. Strickland, R.A. Korzekwa, D. Skaggs, and G. Hutcheson)

The work on electron beam sustained discharges for switching

applications concentrated on three gas properties of the gas

mixtures used in diffuse discharge switches: 1) the attachment

rate coefficient, 2) the drift velocity, and 3) Penning ioniza-

tion.

1) To achieve low losses during conduction (at low E/N) and

fast opening and high hold-off voltage (at high E/N)

attachers have to be used with an attachment rate coefficient

increasing with E/N. Gas mixtures containing such attachers

show an increased resistivity with increasing E/N. If the

attachment rate increases strongly with E/N, a negative

differential conductivity is also found. This effect was,

for example, found in gases recommended by the group of L.G.

Christophorou at Oak Ridge National Laboratories, such as gas * U

mixtures with Argon and CH4 as buffer gases and admixtures of

attachers, such as CF4 , C2F6 , and C3F8 . The experimental

results with these gases were presented at two conferences

(Appendices C and D).

Although such a characteristic has advantages for the

closed phase and for the opening phase, it can cause several

problems. One is the development of striations in the inter-

mediate E/N range. This effect is discussed in a 1985 IEEE

Pulsed Power Conference presentation (Appendix E).

p .'--N
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Another effect is the interaction of an element with

negative differential conductivity with a high impedance

circuit. Investigations concerning this effect were pres-

ented in one of the 1985 IEEE Pulsed Power Conference presen-

tations (Appendix B) and in a paper in Applied Physics Let-

ters (Appendix F). The most recent results have also been

presented at the BEAMS '86 Conference (Appendix G).

An additional possibility to shape the discharge charac-

teristic is to use two attachers with attachment cross sec-

tions at different energies. Several gas mixtures were

proposed and investigated (Appendices H and I).

A third effect investigated is the interaction of the

electron source (e-beam) with the attachers used in the gas

discharge. This effect is discussed in two conference pro-

ceedings papers (Appendices B and C).

2) The influence of the drift velocity on the switch per-

formance was investigated in gas mixtures containing Argon,

Nitrogen and an attacher. These results are submitted for

presentation at the ICPIG 1987 (Appendix J).

3) The addition of a Penning additive to the switch gas can

increase the ionization efficiency of the electron beam.

The Penning additive, however, was also found to reduce the .%

breakdown strength of the gas mixture. These results will be

presented at the 1987 Gaseous Dielectrics Conference (Appen-

dix K).

.11



T*- -V y-W wy -- IF 7p -- -V :3 7 ''-1 -77-

7

We are also preparing a comprehensive paper on the "Optimiza-

tion of Gas Mixtures for Electron Beam Sustained Diffuse Discharge

Switches" which can be used as a design guideline for switches for

different applications (Appendix L).

IV. Optically Controlled Discharges

(G. Schaefer, K.H. Schoenbach, and G.Z. Hutcheson)

The optical control mechanisms, considered to be most suit-

able for external discharge control, are photodetachment and

optically enhanced attachment (Appendices A and B). The influence

of these effects on the discharge characteristic has to be inves-

tigated over the full E/N range of interest, which means mainly

for externally sustained discharges at low values of E/N and the

transition region to the self sustained discharge. The experimen-

tal setup used for these investigations is a transverse electrode

configuration with a UV source incorporated into one of the elec-

trodes, similar to a TEA laser. Such configurations can also be

used as optically sustained discharge opening switches. This .

setup in combination with a dye laser was used to investigate the

influence of photodetachment on the characteristics of an exter-

nally sustained discharge. Strong resistance changes were observ-

ed under the influence of photodetachment. Photodetachment was

also found to improve the discharge stability significantly. A

paper has been submitted to the Journal of Applied Physics (Appen-

dix M).
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SPARK GAP AND ARC DISCHARGE INVESTIGATIONS

(A.L. Donaldson, M. Ingram, P. Ranon,

H. Krompholz, and M. Kristiansen)

Electrode erosion is one of the main limiting features of

high current switches, such as spark gaps. The erosion leads to

erratic behavior of the switch and quantitative information for

engineering design is essentially non-existent. Most available

data are single point data, i.e. data taken for a specific appli-

cation, and are very difficult to extrapolate to other parameter

regimes with any level of confidence.

V. ELECTRODE EROSION

(A.L. Donaldson, H. Krompholz, and M. Kristiansen)

The work performed during this contract period has primarily

focused on addressing the limitations on relatively high current

(<200 kA), high energy switches resulting from electrode erosion.

As a result of the work summarized here, investigations at still

higher current levels (200-600 kA) were performed with support

from an SDIO-DNA contract. At these levels the erosion process is

much more interesting since a larger variety of phenomena are

occurring simultaneously and the need for reducing the erosion

rate is much more acute. Nevertheless, it was the results obtain-

ed under the AFOSR contract which enabled a clear and concise

frame work of the erosion processes to be obtained, which could be

extended to higher current levels.

* .. . -
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The goals for the combination of both research efforts con-

sisted of:

1) produce an annotated bibliography including recent transla-

tions of Soviet work,

2) determine the detailed role of various variables of interest,

3) clarify the discrepancies of previous experimental results, A

4) use the above to determine scaling relations for parameters

of interest,

5) use the above to select materials for a particular applica-

tion,

6) develop from the above and from our own experimental studies,

a systematic framework from which the electrode erosion could

be described,

7) design and test "new" state-of-the-art materials.

The strategies used to accomplish these goals were:

0 identify/classify/describe both thermal and material removal

mechanisms,

* examine solutions to the appropriate equations which ade-

quately describe these mechanisms (e.g. thermal conduction,

magneto-hydrodynamics, etc.)

* determine the implication of these solutions on the electrode

erosion as a function of engineering variables,

0 identify areas for further model development,

* use the above to design "new" materials for use as elec-

trodes,

* measure electrode erosion under a wide number of conditions

(peak current, charge transfer, electrode material, gas

pressure, gap spacing, electrode diameter).

a.
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Specific results are summarized in the following paragraphs:

An extensive library has been compiled on arc erosion (over

350 papers to date), including numerous translations from the

Soviet literature (provided by the U.S. Army FSTC, Mr. Larry

Turner, and the U.S. Air Force FTD, Mr. Barry Ballard). Consider-

able interest for this collection has been expressed by the scien-

tific community and an annotated bibliography is currently nearing

completion. Not only have these papers provided the information

necessary to design the experiments needed to accomplish our goals

but they also served to bring to our attention many well documen-

ted aspects of the erosion process which have been overlooked in

the West.

Materials testing took place for both low current (10-100 kA)

and high current (100-500 kA) regimes. Material rankings were

obtained in both of these regimes for a large number of materials,

including CuC, CuMo, CuNb, CuW, CuWLaB 6 , C, Mo, CuZr, CuCrZr,

CuAl203 , Cu, and Al. Explanations were also developed for changes

in relative material performance occurring in the transition from

low to high current.

Several surface damage mechanisms were investigated in the

low current regime, including crack formation in stainless steel

due to the presence of manganese stringers and thermal stress (see

Appendix N).

The discontinuity effect (a rapid transition in the electrode U

erosion rate as a function of peak current, charge, etc.) was

investigated as a function of pressure, gap spacing, electrode 4'
area, material, and relative initial charging polarity. Its

'--



M1

qualitative location as a function of these variables was deter-

mined, as well as the physical basis for its existence. These

results are reported as part of a DNA/SDIO contract.

In the high current regime, the significance of vapor jet

heating of the opposite electrode as one of the major energy

sources leading to electrode erosion was also confirmed.

VI. X-RAY IONIZATION OF SWITCH GASES

(M. Ingram and M. Kristiansen)

Novel trigger mechanisms for spark gaps are always of inter-

est. In a large array of spark gaps, one can conceive of using a

wide area burst of x-rays to trigger the gaps with low relative

jitter. A cold emission flash x-ray tube was, therefore, used to

investigate spark gap triggering at switch pressures of 1, 3, and

5 atmosphere of various gases (Air, N2 , and SF6 ). The available

x-ray flux was quite low and the results were inconclusive. The

delay times (> 100 ns) and jitter (> 10 ns) were quite high but

it was not possible to increase the x-ray flux or energy with the

available resources (M. Ingram, M.S. Thesis, Texas Tech Univer-

sity, 1985).

VII. SURFACE DISCHARGE SWITCHING

(P. Ranon, M. Kristiansen, and L. Hatfield) -

Insulators in the vicinity of high current discharges (e.g.

in switches and mass drivers) are subject to intense heat and

2
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radiation fluxes. This often leads to insulator degradation

and/or catastrophic failures.

A dielectric surface discharge switch with peak currents in

excess of 100 kA and a repetition rate of 1/3 pulse per second was

used to evaluate various possible insulators. It was found that

some insulators quickly developed permanent damage, whereas others

recovered their dielectric strength if allowed to cool off. These

insulators (e.g. Delrin and Teflon) typically decreased their

surface voltage hold-off strength to about 50-75% of the initial

value after about 20 shots. These results are described further

in Appendix 0.
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EXPLORATORY CONCEPTS

(G. Schaefer, B. Pashaie, P.F. Williams, K.H. Schoenbach, H.

Krompholz, J.R. Cooper, K. Ikuta, and M. Kristiansen)

The "Exploratory Concepts" part of this research program was

intended to enable investigations of promising concepts and ideas 1.

which arose during the investigations. The expectation was to

enable short studies to determine the feasibility of these ideas

which invariably occur during such a multi-investigator program.

VIII. Field Distortion Triggering

(G. Schaefer, B. Pashaie, P.F. Williams,

K.H. Schoenbach, and H. Krompholz)

A new approach to field distortion triggering of spark gaps

has been investigated. Unlike in common field distortion trigger-
AL

ed gaps, field enhancement at the surface of one of the main

electrodes is utilized

A common gap using field distortion triggering is initially

designed to provide optimum performance. A trigger electrode is

then added, shaped and located on an equipotential surface. When

a trigger pulse is applied, field enhancement occurs at an edge of

this trigger electrode and in most cases cascade breakdown is _

initiated.

-. .5 ,
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AQ

Field enhancement at one of the main electrodes can be uti-

lized if the trigger electrode shields this electrode in the hold-

off state and direct breakdown between the main electrodes in %*1*°

initiated. An experimental set-up to prove this trigger concept

has been designed and constructed. Test experiments showed the

feasibility of this concept (Appendix P). Field calculations for J%

different spark gap parameters allow the optimization of the gap

geometry for this new method which is discussed in Appendix Q.

IX. SLOW WAVE LINE PULSERS A

(H. Krompholz, J.R. Cooper, J. Doggett,

K.H. Schoenbach, and G. Schaefer)

The advantages of using a coaxial line with helical inner

conductor as a pulse generator, compared to the usual pulse form-

ing networks (LC-chains) or cable discharges, are

- rectangular output pulse without oscillations inherent to LC-

chains

- small physical length as compared to ordinary coaxial lines

designed to produce the same pulse duration.

Theoretical investigations on the limiting factor for helical

slow wave structures (dispersion) where first performed for a

transmission line current sensor and unit step response, which is

equivalent to an initially charged waveguide pulse generator (see

Appendix R).

Two experimental set-ups were built to prove the theoretical

results as discussed in Appendix S.

Or ..
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X. PROJECTILE INJECTION INTO A MASS DRIVER

(K. Ikuta and M. Kristiansen)

A novel concept for injecting projectiles into a mass driver

was conceived and studied. The main idea is to utilize a conical

liner implosion to push an incompressible fluid which acts on the

projectile. The concept is outlined in a publication (Appendix

T).

.or
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A Review of Diffuse Discharge Opening Switches
0. SCHAEFER, SENIOR MEMBER, IEEE, AND K. H. SCHOENBACH, SENIOR MEMBER, IEEE

Abstsiuc-Tbe basic operation principles of externally controlled dif- INUCTOR
fie dicharges with respect to their application as opening switches
are discussed. Discharge sustalment by electron and UV Ionization LOADand additional control mechanisms, such as pbotodetachmenl and op- A

electron-bam (e-besm) controlled switches. For such systems, design CoURRc T
eriteri are discussed and a summary of experimental switch results is 1-.-

SWITCH < :OPTICAL
SCONTROL

I. INTRODUCTION

NDUCTIVE energy storage is attractive in pulsed hECON SAM

power applications because of its intrinsic high-energy o _u AITH

density compared to capacitive storage systems. The key GRID - , TO
technological problem in developing inductive energy Fig. I. Schematic of an externally controlled opening switch as part of an
storage systems, especially for repetitive operation, is the inductive energy storage system. -I

development of opening switches. Promising candidates %

for repetitive opening switches are electron-beam (e- according to the impedance ratio of load and storage sys-
beam) or laser-controlled diffuse discharges. tern.

In a "diffuse discharge opening switch," the switch The most efficient method at this time to provide for
medium is an externally sustained discharge. Most of plasma conductivity is the e-beam controlled discharge
the research on externally sustained high-pressure (> 1 technique. Up to 50 percent of the e-beam energy can be
atm), diffuse discharges has been performed with respect converted directly into ionization energy [6]. The remain-
to its application for molecular lasers. The most common ing energy mainly goes into excitation. The ionization ef-
sustainment method, the e-beam controlled discharge ficiency can be increased further by using Penning gas
technique, was used by Daugherty et al. in 1971 [1] to mixtures, where part of the excitation energy is converted
operate large-volume high-energy CO2 lasers. The use of into ionization through Penning collisions [7]. The only
diffuse discharges as fast closing and opening switches way to reduce the conductivity in an e-beam sustained
was first proposed in 1974 by Hunter [2], [3] and discharge is to reduce or to turn off the e-beam. Optical
Koval'chuk and Mesyats [4], [5]. control of diffuse discharges, on the other hand, allows

A schematic diagram of an externally controlled open- changing of the conductivity in either direction [8). By
ing switch as part of an inductive energy storage system irradiating a discharge with radiation in the wavelength
is shown in Fig. 1. When the gas between the electrodes range corresponding to an atomic or molecular transition,
is ionized by an e-beam or by radiation, it becomes con- the electric properties of the plasma can be modified
ductive, the diffuse discharge switch closes, and the in- through optogalvanic effects [9]. An attractive concept for
ductor is charged. During conduction, the reduced elec- an externally controlled diffuse discharge switch is to
tric field strength E/N is kept in a range where ionization combine the advantages of both the e-beam and optical
through the discharge electrons is negligible. When the control to create an e-beam sustained optically assisted
external ionization source is turned off, electron attach- switch [101.
ment and recombination processes in the gas cause the
conductivity to decrease and the switch opens. Conse- II. DISCHARGE ANALYSIS
quently, the current through the inductor is commutated A. General Considerations
into the load, and the voltage across the load increases The goal of a discharge analysis of an externally sus-

tained discharge for switching applications is to evaluate
Manuscript received January 23, 1986; revised June 16. 1986. This work the time-dependent impedance of the discharge for a given

was supported by AFOSR and ARO.
0. Schaefer is with the Department of Electrical Engineering. Texas time-dependent electron source in a given circuit. Such

Tech University. Lubbock, Texas 79409-4439. and with Polytechnic Uni- an analysis will allow the optimization of gas mixtures
versity of New York, Farmingdale, New York I1735-3995. and operation conditions. A complete discharge model
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Dominion University. Norfolk, Virginia 23508. must consider the bulk of the discharge and the fall re-

IEEE Los Number 8610254. gions, especially the cathode sheath. It must provide for
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steady-state solutions and the transient behavior, and I ,J.
should include a stability analysis of the discharge.

Model calculations aimed toward discharge applica-
tions for opening switches have concentrated mainly on
the bulk of the discharge (zero-dimensional), on the influ- 10-"

ence of the proposed optimum gas properties (E/N depen-
dence of attachment coefficient and mobility), and on the
transient behavior (time dependence) of the discharge in
an inductive energy storage circuit [10]-[15]. Bulk dis-
charge models are based on solving a set of rate equations
for the charged particles and those excited particles that
contribute to ionization. The steady-state solution of the
set of rate equations gives the V-I characteristics of the
discharge. For the evaluation of its transient behavior in
a given circuit, the set of time-dependent rate equations
and the circuit equation must be solved simultaneously.

To solve the set of rate equations, the rate constants 10

have to be known for all processes contributing to the I

charged particle balance, depending on the reduced field 1 a 4 a , 7 a 9"-
strength E/N. In some cases, these rate constants are di- . 4.

rectly available from experiments. If only cross sections ENGY, .v

are known, the rate constants have to be calculated using Fig. 2. Electron energy distribution in an extemally sustained discharge e
in N 2 at EIN - I Td: (a) for electron generation at low enersies and (b

the electron energy distribution functions. These distri- for an e-beam sustained discharge, with a sour function of S 5"- 10"
bution functions have to be calculated for a specific gas cm-' s' 1261.
mixture, with E/N as the variable parameter, using a
Bolzmann code or a Monte Carlo code. then given as

In externally sustained discharges, also, the electrons dn, S-(
produced by the external source have to be considered. d S - k,,nn, - ,N, (1)
The energies of the initial secondary electrons for a UV
sustained discharge, for example, are low (s I eV) and dn. S - k,n.n, - kIn..n (2)
do not influence the electron energy distribution at low d -
values of E/N.

The initial secondary electrons produced by an electron d k.N.n - knn_ (3)-
beam, however, are spread over a wide energy range [16]- dt -.- ,(
(19] and, especially at low values of E/N, electrons are where k,, and k, are the electron-ion and ion-ion recom-
produced at high energies where otherwise no electrons bination rate coefficients, respectively, k. is the attach-
are found. The relaxation of these electrons has been cal- ment rate coefficient, N, is the attacher concentration in ,Z
culated for several gases, especially with relevance to gas the gas mixture, and S is the source function (rate of elec- e%
discharge lasers 1201-[251. The relaxation of fast elec- tron-ion pair production by the e-beam). Assuming charge J,

trons, their influence on the electron energy distribution, neutrality in the discharge so that n. - n, + n-, and with -P

and the consequences on an e-beam sustained discharge the assumption that k, - k,, - k,, the rate equation can
as a switch have been calculated for nitrogen containing be solved for the steady-state electron density n,':
different attachers [25]. The relaxation time was found s
to be very short (< I ns for atmospheric pressure N2). n-, = (4)
This time was exclusively spent in the energy range from k.N, + f,
4 to 8 eV where N 2 does not have any significant inelastic and for the steady-state positive ion density n.,:
cross sections. This effect causes a secondary maximum " ,5)
in the distribution function as shown in Fig. 2. The source = (5)
function of an e-beam sustained discharge at low E/N is For electrons that are the dominant current carriers, the
therefore significantly reduced if attachers are used which conductivity is given as
have their attachment cross section in the energy range of e4 (
this secondary maximum, while optically sustained dis- 0 c (6)
charges are not affected 1261.k.AN, + f, ",

A simplified model of a spatially homogeneous dis- where ju is the electron mobility. This solution reduces to
charge considers only the charged particles 114]. All ion- the attachment dominated solution for kAN, >> k,n.:
ization processes by the discharge electron are neglected,
and two-body dissociative attachment is considered to be 1, 5 (7) .
the dominant attachment process. The rate equations are . N.
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and the recombination dominated solution for k.N, << ..... .....
k,n4 : Li

r -Pe (8) %%Z

~ 3X%

Since the diffuse discharge is considered to be used as .Si.O
a switch, that means as an element which controls the en-
ergy flow from an energy storage into a load, the power ID " -- ",
dissipated in the discharge should ideally be negligible 2

compared to the power commutated to the load. This re- 1 , s 0
quires a high conductivity at a low reduced field strength o -g
E/N. The desirable gas properties for the conduction phase
are therefore, according to (6), a large electron mobility 30
and small attachment and recombination rate coefficients
at low EIN. .2

In order to minimize losses during the transition from " ,[ I
the conductive to the nonconductive state (opening phase) 0 r . . .. ' ..
the switch conductance should decay as fast as possi- 0 2 3 4
ble. A simplified analysis of the opening phase is given L. s
by considering the rate of change in electron density (1) Fig. 3. Measured and predicted e-beam switch waveforms in methane 131.
for either recombination or attachment-dominated dis- 1241'INpurityatachmcn rtes: (!) kN, -0; (2) kN, -7.2" Is-"

charges. For a nonattaching gas (k. - 0), the relative 
"-

change of electron density n, (and the switch conductivity
a) is proportional to the instantaneous value of n,: strength to hold off the expected high voltage across the

switch when it opens.
n k,n, (9) B. Specific Gas Mixtures

Calculations on the discharge behavior of specific gas
i.e., the relative rate of change slows down with reduced mixtures have been performed by several authors. Fern-
electron density. I n an attachment-dominated discharge sler et al. [ 12) studied the influence of an admixture of an

(kN >> k,n ), on the other hand, the relative rate of attacher (02) to a buffer gas (N2) during the opening phase
decay is not dependent on the electron density: of the discharge. The attachment rate of the three-body

dn, (d1 attachment process (e + 02 + N2 -. 02 + N2) was con-
S-kaN, (10) sidered to be dominant and independent of E/N. Short-

ening of switch opening with increasing attacher concen-
It can be controlled completely by the type and concen- tration was demonstrated. -.

tration of the electronegative gas added to the buffer gas. Kline [14] presented calculations on discharges in N2,
In order to achieve opening times of less than I ms at Ar, N2 : Ar mixtures, and CH4 for the operation range of

initial electron densities n, < 1014 cm 3 , the dominant small e-beam current densities (some mA/cm 2). The
loss mechanism must be attachment. That means that the steady-state analysis presents the discharge characteristic,
switch gas mixture must contain an electronegative gas. the switch characteristic, and the current gain. The cur-
On the other hand, additives of attaching gases increase rent gain in an e-beam sustained discharge is considered
the power loss during conduction. Both low forward volt- a figure of merit for the control efficiency of the diffuse
age drop and fast opening can be obtained by considering discharge switch. It is defined as the ratio of switch cur-
the EIN dependence of rate coefficients and transport coef- rent to sustaining e-beam current.
ficients, and choosing gases or gas mixtures that satisfy Kline's transient analysis of the diffuse discharge [141
the following conditions (8], [10], [271, [28]. incorporates the influence of an attacher; however, an at-

a) For low values of the reduced field strength EIN, tachment rate independent of E/N was considered. As a
characteristic for the conduction phase, the electron drift result of the calculations, methane was found to be the
velocity w should be large and the attachment rate coef- best of the switch gases studied since it exhibits a high V

ficient k. should be small in order to minimize losses, electron drift velocity at low values of EIN. Fig. 3 shows
b) With increasing EIN, characteristic for the opening the measured and predicted e-beam switch waveforms in

phase of a switch in an inductive energy storage system, methane for the experimental conditions of Hunter 131.
the attachment rate coefficient should increase and the The three different predictions result from different values
electron drift velocity should decrease in order to support for the attachment rates used in the calculations.
the switch opening process. Schaefer et al. 1101 presented calculations on dis-

cad2T'.c) Additionally, the gas should have a high dielectric charges in N2 with N2 0 as an attacher. These calculations ."

"a- ,,
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increasing velocity across the gap. An important feature attachers are used where the attachment cross section
of streamers in discharge gases is therefore that arcing can changes drastically with vibrational excitation as in HCI
occur a considerable time after the e-beam current has or H2 [49], [50].
been turned off [37].

The development of plasma instabilities in the bulk of IV. OPTICAL CONTROL OF DIFFUSE DISCHARGES

the diffuse discharge was addressed by Haas [38], [39], External control of a diffuse gas discharge means to
Nighan [40], and Bychkov et al. [11]. Two general models make use of some mechanisms to influence the charge
of bulk instabilities have been proposed: thermal and ion- m
ization. The thermal instability is due to local heating and carrier balance in the discharge, in addition to those pro-

dilution of the gas with subsequent increase in E/N, which cesses solely caused by the applied electric field. A con- '

in turn causes increased local energy deposition, etc. The trol mechanism can increase or decrease the conductivity

ionization instabilities occur when in high field regions of by controlling the electron generation or depletion mech-

the discharge, preferentially close to the electrodes, the anism.

regenerative ionization becomes comparable to the ioni- For opening switches, mainly externally sustained dis-

zation caused by the external source. The initiation of in- charges are considered, operated in the E/N range where

stabilities has also been attributed to nonuniform ioniza- the ionization coefficient is negligible. Besides electron

tion through the external source [13]. The times for the beams, UV radiation has been used to sustain TEA-laser

development for these instabilities range from hundreds discharges [51]-[531 and discharges for switching appli-

of nanoseconds to milliseconds, depending on discharge cations [54]-[56]. The advantage is that the design and

parameters and filling pressure [41]. operation of a UV flashboard is significantly simpler than

Discharges in mixtures containing electronegative gases an e-beam gun. Problems at this time are to achieve a fast

can exhibit an attachment instability, if the attachment rate cutoff of the ionization source and short discharge open-

coefficient k. is a rapidly increasing function of E/N [42], ing times [54], [57).

143]. A small local increase in the electric-field intensity An alternative is to use lasers that allow a very precise

in such a gas mixture causes an increase in attachment timing. Due to the high costs of laser photons, however,
it seems to be inefficient at this time to use lasers to sus-

therefore to a further increase in electric field. Ultimately, tain the discharge. Lasers, on the other hand, offer the

waves of high electric field in electron-depleted regions unique possibility of influencing the density of specific
move across the discharge, resulting in current waves states, and subsequently the generation and depletion

Oscillatory waveforms are also observed in gases where mechanisms of electrons [9], [57]. Laser discharge con-

the drift velocity decreases with decreasing E/N [44], [45]. trol for switching application is therefore considered only

The relevance of these instabilities is that the high local as an additional control for a specific switch phase, where ..

fields caused by the electron loss will greatly increase lo- other means do not allow the optimization of the dis-
cal heating, and streamers are initiated, growing toward charge properties. Laser control of diffuse discharges for
both electrodes, opening switches is a very recent research field. Besides

A problem related to instabilities in diffuse discharges papers on concepts [8], [9], [58], [59], model calculations
is power loading [46]. The electrical energy density de- on certain proposed systems [10], [15], and investigations

posited in the gas is the product of discharge current den- of basic processes [60], [61], there are no results on op- .

sity and electric field integrated over time. This energy is erational switching devices available.
deposited in the form of kinetic energy of the gas mole- One concept discussed is optical quenching of metasta-
cules (gas heating) and in the internal degrees of freedom bles (excitation into higher lying states with short radia-
of the gas molecules. Experimental investigations have tive lifetimes), which significantly reduces the ionization r- d'
led to the conclusion that a uniform discharge can be sus- rate and consequently the conductivity of self-sustained
taed ntl the gausin t atunifre icha e cae u- discharges [59]. The influence of metastables, however,tined until th e gas tem pe rature has increased to appro x- is r d c d n e t rn l y s st i e is h r e a d d s

imately 500* K [37]. After that point the uniform glow is reduced in externally sustained discharges and dis-gosoe oa r.charges with molecular additives. usedto
goesAs discussed in Section , attachers have to be

There are attempts to quantify the fraction of the elec- achieve fast opening. Concepts on additional optical con-
trical energy input which results in gas heating as a func- trol therefore concentrate on attachment and its control in
tion of E/N for timescales short compared to vibrational
relaxation [47]. A major fraction of the energy input to one of the transition phases. Methods for optically con-

molecular gases is consumed by vibrational excitation. trolling attachment are: a) photodetachment to overcome
Shirley and Hall 148] determined vibrational temperatures attachment (58]; and b) optically induced attachment in
in H2 isa function of energy density deposited in the gas. gases which otherwise do not have a strong attachment

They found vibrational temperatures of 1500*-1800 ° K rate in the E/N range of interest [8].
for power loadings of several kJ/mole, or about 0.1 J/cm 3

atm at 30 Td. The changes due to enhanced population in A. Photodetachment

the high-energy states of the gas molecules will affect the Just like photoionization, photodetachment is a nonres-
behavior of the diffuse discharge switch, especially if onant process which in general requires much lower pho-

... ... .-... . . . . .... .. . " ". ' " .
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ton energies. The cross sections usually are not very high,
requiring a high laser power.

A negative ion considered for photodetachment as a
control mechanism is 0- [58]. The photodetachment cross
section has a threshold at a photon energy of 1.47 eV and 0 v3

reaches a plateau of 6.3 • 10-  cm2 at approximately 2
eV [62]-[64]. Several molecules, such as 02, NO, CO, 2 V8

I.-
N 20, C0 2, and SO 2, undergo dissociative attachment pro- .
ducing 0- (example: e- + 02 - 0 +0). P"

In all these gases or gas mixtures with these gases, 0 v,
competitive attachment processes exist or reactions of 0-
will occur, producing molecular negative ions which, in

general, have lower cross sections for photodetachment.
In discharges in 02 at low E/N ( < 10 Td) and at high pres-
sure [65], [66], for example, the dominant molecular neg- 0 . . .0.s 1.0

ative ion is 0 and its cross section for photodetachment ELECTRON ENERG*YIV
is smaller by a factor of approximately 5 at 2 eV. Fig. 6. Theoretical cross section fort + HCL - H + C-, depending on

Photodetachment experiments in low-pressure 02 dis- electron energy for the vibrational states (v - 0-3). assuming a Boltz-

charges and flowing afterglows showed that a fraction of mann distribution over rotational states at T - 300 K 1491.

50 percent of the negative ions could be detached with
laser pulses with an energy flux of 35 mJ/cm2 and a pho- TABLE i -..
ton energy of 2.2 eV [58]. This value may be higher by PNOTOENNANC.D ELECTON ATTACNMENT

a factor of up to 5 in high-pressure systems at an E/N (1) VIBSATIO14 EXCITATION
below 50 Td. Photodetachment experiments of F in a (a) Single-Photon Excitation plus Enerey Transfer

hollow cathode discharge containing NF 3 demonstrated (b) Overtone and Combination land Excitation

that the negative ion density reached up to 50 times the (c) Pulti-Photon Excitation

steady-state electron density [67].
(2) PHOTODISSOCIATIUN%

B. Optically Enhanced Attachment (a) Single-Photon - UV
(b) Nultt-Photon - IR

Optically enhanced attachment means to use a gas mix-
ture with an additive of molecules, which in their initial
state are very weak attachers, and to transfer these mol- (3) ELECTRONIC ECITATION

ecules through optical excitation and maybe some subse- (b) E -> vTransitions. RAdiative

quent process into a species which acts as a strong at-
tacher [8].

Certain attachers have a drastically increased attach-
ment cross section in their rotationally and/or vibration- that vibrational excitation also will result from electron
ally excited states. This effect was first observed for dis- collisions. In cold discharges at low E/N, molecules in
sociative attachment of SF 6 producing SF [68], [169]. the excited state with the lowest excitation energy are the
An attachment rate constant k5(T), increasing with tem- only excited species at considerable densities. Thus an
perature T, is the clearest indication for such a behavior external control mechanism will work efficiently only if
[70], [71]. the significant increase of the attachment cross section in

As yet, there are no known measurements of attachment the considered electron energy range occurs for states with
cross sections for individual vibrational states. However, energies well above that of the lowest lying excited state.
it was demonstrated that monoenergetic electrons at least Some possible mechanisms to produce such molecules are Z-
allow the excitation of specific modes of vibration, and listed in Table I.
subsequently the measurement of attachment cross sec- a) Optical vibrational excitation of higher lying states
tions of a special group of vibrational states [72]. Bards- can be accomplished through vibration-vibration energy
Icy and Wadehra [49] have calculated the cross section transfer, through overtone excitation or excitation of com-
for the vibrational states (v = 0-3) of HCI (Fig. 6) from bination states, and through multiphoton excitation. Such
cross-section measurements at different gas temperatures mechanisms can be found as excitation mechanisms of
[71]. These data show that the attachment rate can be in- numerous optically pumped IR lasers. Examples are la-
creased drastically, but this advantage disappears in HCI sets, optically pumped with a CO2 laser, in molecules such %
if the electron energy is larger than 0.5 eV. For switching as CF., NOCI, CF31I, and NH3 173]. To date, experiments
application, attachers are needed, having their maximum have failed to demonstrate a significant increase of the
attachment cross section in the ground state at a somewhat attachment rate in an e-beam sustained discharge after ir- V
higher energy. radiation with a pulsed CO2 laser [61]. In low-current dc

For application in diffuse discharges, one must consider charges containing C2H3F, sustained by helium plasma

%
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of vibrational levels 190).

00, 0 10 100 1000 have been used by Beterov and Fatayev [80] to show that

E/N iTd) vibrational excitation of 12 can increase the attachment rate

Fig 7. Attachment coefficient for tnlluoroethylene. The solid dots give for dissociative attachment by three to four orders of mag-
te values for the unexcisted ample (200 mtorr of CF3H in 200 tort nitude. The radiation from a frequency doubled Nd:YAG
hlehum). The open circles represent the data for the excited sample (100 laser( = 5 nm wi t
neorf of C2FH in 100 tort helium) The attachment coefficients are ex- l (-5 nm, was used to excite the B state. Intense

pressed in terms of tOe unexcited trifluorethylene pressure 160]. Stokes fluorescence indicated a subsequent transition into
highly vibrationally excited states. Vibrational relaxation

injection, small increases of the resistivity (-2 percent) to provide the population of the optimum vibrational states

have been found during irradiation with a very low power required times on the order of some 10 #s. It was sug-

(<5 W cm - 2) CO2 laser [74]. gested to use a stimulated resonant Raman process to ex-

b) Single-photon and multiphoton dissociation of large cite the optimum vibrational states directly.

molecules producing molecules in vibrationally excited It has also been suggested to use attachers, which have

states have been used as excitation mechanisms for mo- an increased attachment cross section in an electronically

lecular gas lasers. Photoelimination of HF from CH 2CF 2,  excited metastable state [81]. The maximum attachment

CH 2CHF, and other halogenated hydrocarbons using UV cross section of the metastable state of 02 (a 'A,). for

flashlamps, generates a significant fraction of the HF mol- example, is approximately 3.5 times higher than for the

ecules in states v > 1175), 176). Some of these processes ground state [821. Such states have the advantage that their

have significant cross sections at 193 nm (ArF lasers). energy is high and, consequently, the collisional excita-

Rossi et al. (60] performed drift tube experiments to dem- tion rate is low. Metastable states with higher attachment

onstrate the feasibility of these processes for controlling rates can be produced by optical excitation and subse-

the electron balance. In mixtures of helium with C2 hF, quent internal energy conversion. For some aromatic mol- .- '.

at low values of EIN, they obtained an increase of the ecules, conversion quantum yields close to 100 percent

attachment rate of up to 103 with an ArF laser at 193 nm were observed [83].pc eo tay-'"
(Fig. 7). Similar experiments were performed in C2HCI. For all proposed processes of optically enhanced at-
Schaefer et al. [77] performed measurements in dc dis- tachment, it is very important to consider the attachment

charges at low values of EIN (1-10 Td), which were ex- properties of the starting molecules. A real advantage of

ternally sustained by helium plasma injection. In a gas optically enhanced attachment can be achieved only if the

mixture of 60-torr helium and 3-percent C2 HCI. pulsed attachment rate is significantly increased over a wide El "

resistance changes of a factor of 0.35 were measured after N range, and if the starting molecules are stable with re-

irradiating the discharge with a UV spark source through spect to collisional processes in the e-beam sustained dis-

a quartz window, charge. One also must consider other energy exchange

c) Electronic excitation can be transferred into vibra- processes that may compete with the desired attachment

tional excitation either through collisions or radiative pro- process. Processes producing new species in the dis-

cesses (for a review see 178]). Optical excitation of bro- charge may also require changing the switch gas between

mine and subsequent collisional energy transfer to CO 2  shots.

have, for example, been used to operate a CO 2 laser (Br 2  V. E-BEAM CONTROL OF DIFFUSE DISCHARGES
+Ar -* Br + I * and Br* + CO2 - Br + CO' + AE)
(79j. A. E-Beam Considerations

Electronic excitation of 12 and subsequent radiative E-beams are the most commonly used ionization sources
transitions into highly vibrationally excited states (Fig. 8) for externally sustained diffuse discharges. Typically,
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TABLE U
PROP-RNS 09 FOFL MATMAL CANDIDATIS 1541

PI)lL MATERIAL ADVANTAGE DISADVANTAGE

Beryllium Very Low Z Highly Toxic
High Conductivity Available only In Small

Pieces, Expensive (- $50/in
2
)

Kapton Low Z Very Low Conductivity
Disintegrates from Electron
Radiation

Aluminum Relatively Low Z Low Stregth at T > 200* C
High Conductivity

Titanium High Strength Low Conductivity

(Pure and Alloy) Relatively High Z

Stainless Steel High Strength Low Conductivity
High Z

Inconel 718 Very High Strength Low Conductivity

High Z

Composite Combines High Strength Difficulty to Fabricate in

E.G. CuoAI Clad Ti with High Conductivity Uniform Layers with Good

Bonding

beam energies are in the 100-300 keV range with current stopping power, and good thermal and mechanical prop-
densities up to several amperes per square centimeter. In erties. In Table II, properties of different foil materials
order to generate the e-beam, it is necessary to have the are listed [84]. A severe constraint for long e-beam pulses
electrodes in a vacuum of > 10- 3 torr for cold cathode and/or repetitive operation is foil heating. In order to
operation and > 10. 6 torr for thermionic cathodes. avoid structural fractures, the foil temperature must be

The electron-generation mechanism at cold cathodes is limited. A foil heating analysis has been performed by
usually field emission. With field-emitting cathodes, cur- Daugherty [92].
rent densities of several hundred amperes per square cen-
timeter can be obtained [84] at the expense, however, of B. Design of an E-Beam Controlled Diffuse Discharge
limited pulse duration due to "diode closure" 185]. Diode Switch
closure is caused by plasma formation at the cathode. The
plasma moves with velocities of 2-5 106 cm/s toward the Because of the limited conduction time of an e-beam
anode and "closes" the diode gap in typically 2-5 ps. sustained discharge due to the development of instabilities

Another cold cathode used for electron generation in e- and the time constraints of the e-beam source, it is pro-
beam controlled diffuse discharges is the wire-ion-plasma posed to use it as the main switch in a two-loop inductive
(WIP) electron gun 1861-188]. The WIP gun cavity is energy storage circuit 1101. Fig. 9 shows the schematic
filled with helium, typically at 10-20 mtorr. A positive circuit with the charging loop and the discharge loop hay- ,'
pulse applied to the wire anode ionizes the helium in the ing only the inductor in common. The inductor is charged
plasma chamber. Helium ions are extracted and acceler- through the initially closed switch A. The e-beam is turned
ated by the dc high voltage applied to the e-beam cathode. on when the current through the inductor has reached its
On helium impact, electrons are emitted from the cathode maximum steady-state value. Switch A now can open the
and accelerated by a high voltage. The e-beam current charging circuit at relatively low switch voltage and corn- - .. ,

obtained in this device is typically 10 A over a cross sec- mutate the current into the e-beam controlled discharge.
tion of 100 cm 2 . If switch gases with low losses at low E/NV are used, the

Thermionic emitters offer the advantage of decoupling efficiency of this commutation can be very high. Once the
electron generation and electron acceleration with unlim- current is transferred into the diffuse discharge switch, the
ited pulse length. The generation of pulse trains is possi- circuit can generate either a single pulse by closing switch
ble by using a triode or tetrode configuration. In a tetrode B and simultaneously opening the diffuse discharge, or a
with thoriated tungsten electrodes, current densities of up pulse train by repetitively closing and opening the diffuse
to 4 A/cm2 were obtained [89). With dispenser-type ther- discharge with switch B closed, In order to prevent loss "
mionic cathodes, values of 300 A/cm2 were reached 190]. currents in the load when the diffuse discharge is con-
1911. ducting (if the load impedance is comparable to the dif-

The interface between electron gun and switch chamber fuse discharge impedance), switch B could be replaced by
is generally a thin (20-50 jim) foil backed by a support a second e-beam controlled switch which opens and
structure. The foil material should have low electron- closes a countermode to the first switch.

%~~~~~~~', e 0PW *F0 F-P" e4
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SLO W CLOSING pacitor of 400 nF to a voltage of 250 kV [931. A switch
gas pressure of 10 atm in 90-percent CH4 and 10-percent

-- , Ar was assumed. The standoff capability of this mixture -"
is Ecn, - 5 kV/cm at I atm. For a holdoff voltage of 250

.o. DIVRtED LA kV, the gap length d must be at least 5 cm at a pressure
UITCum , T of 10 atm. With an assumed e-beam current density of Js

C "I", 1- 40 mA/cm 2 and an e-beam energy of 200 keV after
passing the foil which separates e-beam gun and diffuse

POWER FUSE ,OUCToM LOAD discharge switch, the discharge conductivity is a = 2.1
,wI T.ICHRGE 10-2 (0 cm) - ' (11). The maximum current density is ac-

SI~TlCH cording to (13) J.m" 19 A/cm 2 . For a total current of
Fig. 9. Schematic circuit for an e-beam sustained discharge switch in n 0 the switch area must be 531 cm 2

inductive energy storage system I10]. 10 kA,
Using these data, the transfer efficiency of the switch

The following design criteria for the e-beam sustained can be calculated. The energy transferred into the capac-
itor is Ec = 12.5 kJ). The Joule losses in the diffuse dis- :.Iswitch in such a circuit are based on a group report in the .'r

P i fcharge are Ed,, = 2.25 kM. The e-beam energy dissipated
Proceedings of the ARO Workshop on Diffuse Discharge in the switch is 0.75 kJ. Allowing, conservatively, struc-
Opening Switches 193). For an efficient switch, the major ture and foil c-beam losses to be 30 percent. the total r-
electron loss in the conduction state will occur through
recombination. Attachment is important only in onset and quired e-beam energy is Eb = 1.06 kc. The efficiency is
cutoff, steepening the current pulse. In steady state the then given as

electron density is well described by (4) with k. being Ep
neglected. The conductivity therefore is given by (8): (1 = (15)

Ecap+ Eb +Ed.
wi ta nd is d which is about 80 percent for this diffuse discharge switch.

k, =w =, an , d This calculation allows a rough estimate of the geometry
and the transfer efficiency of a diffuse discharge switch as

(11) part of a pulsed power circuit.
where vd is the electron drift velocity, E, is the electric- A more detailed design procedure which includes the
field intensity in the diffuse discharge, J is the e-beam energy consumption during opening of a repetitively op-
current density, dWldx is the spatial rate of e-beam energy erated switch was developed by Commisso et al. [13].
loss in the gas [941, [95], and eW, is the beam ionization The energy transfer efficiency 17 is defined as 'p

energy of the gas [96].
In order to avoid glow-to-arc transition, the tempera- V =

ture in a molecular gas should not exceed To = 500 K. <I,.V,),)T + (/,.V.) 0 r 0 + IOLVOLrL + 4JeVb'rc

Assuming that any increase in gas temperature AT is (16)
caused by Joule heating, leads to the relation

i 2 l !,_ IL, and l'b are the switch, load, and e-beam currents;
pcAT = - (12) V,,., VL, and Vb are the corresponding voltages (the su-

o perscript 0 denotes peak values). T,., To, and T L are the

p being the gas density, c, the specific heat, and 7 the conduction time, the opening time, and the characteristic
conduction time. This relation allows estimation of an up- load pulsewidth, respectively. The terms in the denomi-
per limit for the current density: nator describe Joule losses in the switch during conduc-

tion and during opening, the energy transferred to the
PC a load, and the e-beam energy, necessary to sustain the dis-

il,= (TO - ). (13) charge for the time of conduction.
=T For energy transfer efficiency comparable to capacitive

where T, is the initial temperature. store pulsed power generators, it is required that each of
For a given total current I. this determines the switch the losses in the switch is small compared to the energy

diameter. The discharge gap length d is determined by the transferred to the load. These conditions can be inter-
required switch holdoff voltage Vo: preted as restrictions for the switch opening time r0, for

(14)the voltage drop across the discharge during conduction
-(14) V,_ and for the current gain e = IJ4,.

In 113] the system was optimized by requiring that the

Critical field strengths Ec,, are in the order of 6-12 kV/ switch pressure be minimum. The result of this optimi-
cm at a pressure of I atm. zation is that each of the major energy losses-conduc-

Calculations along this line were performed for a switch tion, opening, and e-beam production-are roughly equal
which carries 10 kA for a time of 50 Ms to charge a ca- to each other.

I,, .','.-.,', .. ',-,.:,--':,:, €:.,, ,';.. % ;'%' ,: .-".'''.'''..".'':;'":''""'"".",::.:",":"-U;'
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TABLE Ill
SUMMARY OF DATA Om RELEVANT EXPERIMEKTS ON E-BEAM CONTROLLED

SwrrcH~s

£EAU I-WAN SWITCH

ID$p;STUTR, TheAMo C URN 1(ERj CASES CURRENT CURRENT OPENING

uRINCES SYSTEM DENITY G(kGV A DENSITY GAIN TIME
JliA/ca2l JslA/ca2I

Nigh Current alectr. Cold Cathode 1.5 330 Natural Ga: is - 10 200 no
Dept.. Ta n k. USSR 

CK :C2H6:Cj" : 
,

(Kovol'Ciuk and 02 :C02 : other
"sor te I1,.J1) 

hydrocarbons(9fresiv and Th minionic 0.014 135 OD2:N2: He 30 IOD 3 Me - 5 we

Soval'chuk 1991) Cathod03
ITotre

Hre Lb Cold Cathode 2-5 250 CH4 27 5 no
San Diego. CA(Nunter (2,31)

AV L, Wright Parterson Not Itatrla 0.02 175 N2 .ArCH, with 2 100-IO 10 ws - I us
(Bletslnger 132.31) CathMde C2F6 ,C3F NF ,CF4., CC 14%

westinghouse &D Ctr. WIP-gun < 0.1 15(1 044 l g 380 > I u
Pitts burgh. FA 

C( 1 3 0 .I h*ind ctor
(Lawwry at *I. I ]) in switch loop)

Hughes lasearch WIP-gun ( 0.035 I 0 044 20 < 10(00 ) I is
L4boratorles (wth Inductor
Malibu. CA In $w t tch loop)
(Gallagher & Harvey 1881) I iho

Naval Research Lab, Cold Cathode, n.2-5 200 0 ,44N2  < 5U 10-20 50 ns - In nb
Washington. DC 200 * and sa:(d
(Coibls o Or al. (103. - us pulse Ar:0 2
1041) durations C4,:C2 F6

Texas Tech University TherlonIc 0.1-1.0 250 N2 :N2(j ( - IS 50 na 4
Lu b bo ck , X Cat hod s, N 2 :S0 2
(Schoenbach at &1. 1109). Ttrode, N2 : Cu2
Schaefer at &1. 11101) 1 pulse train I Ar:C2Fh __

The transfer efficiency calculated by using this formal- - "
ism [13], which includes switch losses during opening, is -'

smaller than the one obtained with the simple model dis- E o-" C 3SCr 3  C L N2 BUrFER GAS

c u s s e d b e f o r e ( 1 5 ) . T h e d e s i g n e q u a t i o n s f o r t h e s w i t c h. _ .. -,0, , & A , U F F E R G A S

geometry in the two models become identical for the case o'

that sw itch losses during opening can be neglected and all - *,o o . a "
safety factors are of the order of unity. ,- -*-9 * 4-

C Experimental Results T.
o C3r 8A summary of relevant experiments on e-beam con- U , * X -5

trolled switches is given in Table III. Listed are e-beam W ,i
and switch parameters. The values for current gain and < 10 - /o *

o p e n in g t im e a r e m o s t ly a p p r o x im a t e v a lu e s w h ic h s e r v e C / • . *.

to define the range of operation for the respective exper- Z a C ,
iment. C0" "

Early experiments on diffuse discharge switches were 10, . a

performed by Hunter 3 and Koval'chuk and Mesyats [5). % ,
They used cold cathode e-beam emitters derived from o a ',

laser experiments. With large e-beam current density, they A

achieved fast rise times and could afford to work with 1 07 ..
added attachers to get fast opening, at the expense of 0- 0 1 2 3 4 5MEAN ELECTRON ENERGY '" (eV)power gain. They did not use specially designed gases, MA LCRNEEG t(Vhowever. Hunter [3 recognized the importance of having Fig 10. Total electron attachment rate constants as s function of the mean

electron energy () for several perfluoroalkanes and perfluoroethers
a gas with high electron drift velocity and therefore chose measured in buffer gases of N, and Ar 1981.
methane. Methane has an electron drift velocity peaking
at more than 107 cm/s at about 3 Td. electron attachment rate constants for several attachers in

In later publications, several gas mixtures with opti- Ar and CH4 as buffer gas 198). These gas mixtui.s also
mized properties have been proposed for diffuse discharge exhibit a negative differential drift velocity region over a
opening switches 181, 1281, 197)-199). Fig. 10 shows wide range of fractional concentrations of the attaching

%



SCHAEFER AND SCHOENRACH: DIFFUSE DISCHARQE .OPIENINO SWITCHES .46

0 14

8 100 XAr 0.1 F ~6 CVgA 6 MIXTURES 04 •V 0.1 X C21 6 C2r/Ar MIXTURES V 0.1 c2r6  c2r/c 4 T
O.2 % c 2r6  ' *0.5 C 2 60 0.5 X C2r6  or & 2.0 % c2 16  .', /"

012 * 10 %.C2 1 6 0 ~ oc 6  wOr "'P
D 2.0OXC 2 1 6  0.- so *1- 2

3: V5-0 XC 2 1 6  3: 0 30. C6
10 0 10.0 X C 2 16  V- 100 6.r6  *

a I.30.0 % C2F6  P'. I--

"["
u 1  *100 XC 21 6 ~ o U

vP/ I

W V0 W
> 0 >19
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E/N (V cm 2 ) E/N (V cm 2 )

(a) (b) 6.

Fig. II. Electron drift velocity w versus EIN for several (a) CF,/Ar and 4.
(b) CzFSCH 4 gas mixtures [98].

gas in the buffer gas as shown in Fig. I I for C2F6 in Ar 3.0.

and CH4, respectively 198]. Consequently, the current
density-reduced field strength (J-EIN) characteristics of -s-
e-beam sustained discharges in gas combinations of this I oLOADo

type exhibit a pronounced negative differential conductiv- #Ao2.0

ity range [77], [100].%
Another gas combination which was proposed as switch %

gas for e-beam sustained diffuse discharge opening r
eZ %

switches is N20 in N2 as buffer gas [8]. The gas mixture "0
exhibits an E/N-dependent electron decay rate which in- z 1-
creases by more than a factor of 20 in the EIN range from 'cc
3-15 Td [101]. 0s..

Work done at Wright-Patterson [31]-[34], Hughes .
Laboratories [88], and Westinghouse Laboratories 145] ,..
has concentrated on high-gain systems with opening times
in the microsecond range. At Wright-Patterson [31]-[34], FEiucE. 12 LLa lnadNcr (e)d ....r..

special consideration was given to the cathode region and Fig. 12. Loadlinesandcurrentidensity different euload lines lectc field
its influence on the discharge characteristic. Work at the so tai

Naval Research Lab [102]-[106] and at Texas Tech Uni-
versity [100], [107]-[110] deals with repetitive or burst- controlled diffuse discharges for the generation of high-
mode opening switch operation. Both groups concentrate voltage pulses. For an experiment performed at Wright- I
on switches with opening times in the submicrosecond Patterson [111], 1112], a capacitor discharge current of
range, but try to achieve reasonable current gains (> 100) up to 135 A was commutated into an inductive load after
by using suitable gas mixtures. At Texas Tech University, opening of the e-beam controlled switch. A short micro-
the interaction of discharge and circuit has been investi- second voltage pulse was generated, with its peak voltage
gated for discharges with a strong negative differential exceeding the static breakdown voltage of the e-beam ..

conductivity such as in mixtures of Ar and C 2 F 6 . Fig. 12 controlled discharge by more than 50 percent with a CH4/
shows such a characteristic and demonstrates that the CF 6 gas mixture. An experiment performed at NRL [104]
maximum current cannot be utilized in the burst mode in used an e-beam controlled diffuse discharge as the switch
a high-impedance system if the pulse separation is shorter element in an inductive energy storage circuit. The stor-

than the discharge time of the inductor [II10]. age inductor (1.5 psH) was energized by a capacitor
Opening switch experiments in discharge circuits in- charged to 26 kV. Upon termination of the ionizing e-

cluding inductors have demonstrated the use of e-beam beam, the l0-kA discharge was interrupted, thereby gen-

% III%
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EXTERNAL CONTROL OF DIFFUSE DISCHARGE SWITCHES

6. Schaefer and K. H. Schoenbach
Texas Tech University, Department of Electrical Engineering

Lubbock, Texas 79409

Abstract: Electron-beam sustained diffuse discharges Steady State Condittons
have attracted considerable interest as submicrosecond
opening switches for inductive energy storage systems. In the closed phase the switch is supposed to
Opening is accomplished through turning off the have a resistivity as low as possible at a low
ionizing e-beam. In order to Increase the switch voltage drop across the switch and consequently at a
efficiency (switch current/e-beam current) at high low value of E/N. This requires a high electron
hold-off voltages and to reduce the opening time mobility and an electron depletion rate as low as ..
attachers are used with a high attachment rate at high possible at low values of E/N. Recoaination can
values of E/N and a low attachment rate at low values not be controlled significantly except by keeping
of E/N. These attachers will decrease the net source the electron density low, but any further losses
term and will obstruct the closing phase. Additional such as attachment have to be avoided. In the ,
control through photodetachment and optically enhanced opening phase the switch has to withstand a high
attachment will also allow to optimize the closing voltage. This means that strong electron losses
phase. The results of model calculations and must occur at very low electron densities at high
experimental studies on various control mechanisms are values of E/N. This can be accomplished by an
discussed. attacher with a high attachment rate at high values

of E/N. The mobility of the electrons in the high '.5

Introduction E/N range is of minor importance since the electron
density approaches zero. A decreasing mobility with

In recent years there has been an increasing increasing E/N, however, will improve the transition
interest in the development of fast, repetitive, into the high E/N range. The two steady state
opening switches which would allow the use of phases therefore require an E/N dependence of the
inductive energy storage in repetitively operated mobility and attachment rate as shown in Figure 2a "S

pulsed power systems. Opening switch concepts that [1,2).
show promise for fast repetitive operation are based
on the external control of the electron generation anc
depletion mechanisms in a diffuse discharge. Such
control mechanisms can be the sustainment by electron
beams and radiation sources, optical control of the
electron depletion mechanisms, or external magnetic (a
field to control the internal ionization processes.
This paper gives an overview of the mentioned control
mechanisms and discusses the requirements for the
optimization of such systems. I

Externally Sustained Discharges TIME

An externally sustained discharge switch makes 9 9
use of the electrons produced by an external source t I
(electron-beam, UV radiation, or x-rays). The voltage l(l b)
across the gas discharge is always kept well below the
value required for internal ionization. Figure 1 j I
shows the general time dependence of some of the
important discharge quantities through one full switch
cycle, assuming that the time dependent source I
function has a trapezoidal shape with a steep rise and STEADY J STADY I STEADY
fall (Fig. la). The electron density (Fig. 1b), and STATE 'CLOSING STATE OPENIN STATE
consequently the current density will initially be OPEN PASE CLOSED PHASE OPEN
zero and the switch is open. A constant source I I
function S will then increase the electron density in
the closinq hase until it approaches a new steady 0 ENl
state O on given by the balance of the electron
generation and depletion mechanisms. In this state 0

the current density reaches its maximum and the switch (E/N)I
Is closed. When the source is turned off the electron -
depTion mechanism will cause a decrease of the TIME
electron density and consequently of the current
density in the o ening phase until the initial state
with approximately zero electron density is reached Fig. 1. Schematic time dependence of tne electron
again. Since this device is operated in an inductive source (a), electron density (b), and reduced electric
energy storage system the voltage and the reduced field strength (C) In an externally sustained diffuse
field strength E/N will drop to a lower value when the discharge for switching applications.
switch is conducting and will increase when the
conduction is reduced (s. Figure Ic).
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Although one never intends to operate the switch
as an externally sustained discharge at high values of (I)CLECTN ENERGY DISTRIUTON FUNCTION
E/iN one can calculate and measure the steady state AT(E/N) ,
resistivity and (-E/N) characteristic for the full (.)ATTAHhENT CROW SECTION
E/N range as shown in Figure 2b and c. The part of
the discharge characteristic at high values of E/N has
important consequences on the opening and closing
phases as discussed later. ( SECONDAY ELECT"

The required attachment characteristics can cause f - ENERGY XSTRMIUTON
undesired losses If an electron beam is used as a
discharge sustainment source. An attachment rate as
shown In Figure 2a is given if the attachment cross \
section has Its maximum above, but close to the energy
range of the electron energy distribution function at
the low value of the reduced field strength in the
closed phase (E/N)c, as shown in Figure 3. Since ELECTRON ENERGY

there is no overlap of the electron energy P
distribution function with the attachment cross
section no attachment will occur. When E/N is Fig. 3. Schematic electron energy dependence of the ."
increased, the electron energy distribution function steady state electron energy distributions at low E/N,
is shifted towards higher energies and the attachment the attachment cross section, and the distribution
rate increases. function of the initial secondary electrons in an

The initial secondary electrons produced by the electron beam sustained discharge.
high energy electron beam have an energy distribution
over a wide energy range as shown in Figure 3 [3]. and
only a small fraction is produced In the energy range .Ar
of the steady state electron energy distribution. A THERMALIZATION in N2significant fraction (approxmatey 80%& for the o'

attacher N20 in a N2 buffer gas) is generated above yICNAL EX:rDMC1
the energy range of the attachment cross section.
These electrons will during their relaxation move
through the energy range where attachment can occur.
The probability for attachment of these electrons will P

0LECTRON ENERIH7tecI4 ..

w I oA"* c e  .- 4 r- v

/ \

Fb)gFig. 4cAverage velocitynofnrelaxingtelectrons in

currnt ensty c) I anextrnaly sstaneddifuse enecry spaeof reltainged ictrsgeineamite 10 %

in~2 

A1 

at 
E/ 

*I 

d

(0)cC ELcTRLc flELOT~ STRENGIS C/

Fig 2. Scemti -/ deedec ofatahmn rt

discharge for switching applications. C2F6 in 1 atm Argon.

U

I a . -. - ... - - ---6 1.-''-" -'NV N
m m



- 52

then depend on their velocity in energy space in the papers on concepts [7,8], model calculations on
energy range where attachment is dominant. Figure 4 certain proposed systems (6], and nuIerous papers on
shows the calculated average velocity of the electrons basic processes suitable for switching applications,
in energy space, dE/dt, during relaxation in N2 for there are no results on operational switching
initial entrgies of 100 eV [4). This velocity is very devices available. Especially laser are attractive
high (> 1O eV/ns) in energy ranges with strong light sources allowing the generation of high power
Inelastic cross section but significantly lower (10 densities, precise illumination of the discharge
eV/ns) In the 3-7 eV range where N2 has no significant volume, and precise timing. Due to the high costs
inelastic cross sections. Attachment of the initial of laser photons, however, especially If high photon
secondary electrons in a N2 buffer gas will therefore energies are required, it seems to be Inefficient at
be significant if the attacher has its mximum cross this time to use lasers for sustainment. Optical
section in the 3-7 eV range (example 502, discharge control for switching application is
approximately 10% are attached with 2% S02 In N2) and therefore considered only as an additional control
much less significant if the maximu cross section is for a specific phase of the switch cycle, where
below 3 eV but above the steady state distribution other means do not allow the optimization of the
(exmple N20) [4). Attachment of the initial discharge properties.
secondary electrons has therefore to be considered As discussed it is possible to optimize the
using a correction factor in the source function, and operation conditions of an electron beam sustained
these losses can be minimized by using an appropriate diffuse discharge switch with respect to the steady
mixture of an attacher with a buffer gas as discussed state phases and the opening phase through tailoring
above, the E/N dependance of the attachment rate

coefficients, but this optimization causes problems
22ening and Closing Phajes with respect to the closing phase. Concepts on

additional optical control, therefore, concentrateThe opening phase starts when the electron source on attachment and its control in one of the
is turned off. Since the opening phase starts at the transition phases. In principle, there are two
(E/N)c value of the closed state, the electron different methods of optical control of attachment:
depletion rate and consequently the rise of E/N will to use photodetachment to overcome attachment, or toinitially be slow until the system reaches the E/N use optically induced attachment in gases which P
regime where attachment dominates the electron losses. otherwise do not have a strong attachment rate in
Since the performance of an inductive energy storage the C/N range of interest.
system strongly depends on the rise of the switch Photodetachment can be used as a method toresistance dR/dt the attachment rate should have a overcome attachment in a well defined discharge
steep rise with E/N (dashed line in Figure 2a). Such period. A negative ion considered for
a gas mixture will cause a negative differential photodetachment as a control mechanisms is 0- (7).
conductivity (d(E/N)/dJ) in an intermediate E/N range Several molecules, such as 02, NO, N20, N02, CO2,as shown in Figure 2c. Such a characteristic, and S02, undergo dissociative attachment producinghowever, can cause problems for the closing phase. 0 . In all gases or gas mixtures with these gases,
Figure 5 shows the measured V-1 characteristic of an however, competitive attachment processes exist or
electron beam sustained discharge in a mixture of 1 subsequent reactions of 0- will occur, producing
atm Ar and 2% C2F6 (5). The optimum operation molecular negative ions, which in general have lower
condition for the switch in the closed phase is at the cross sections for photodetachment.
maximum current in the low resistance regime at low Photodetachment experiments in low pressure 02
values of C/N as indicated in condition (I). The discharges and flowing afterglows showed that, for
suitable open condition (11) is given by a voltage of example, a fraction of 50% of the negative ions
approximately 20 kV (at I atm and 1 cm discharge could be detacheo with laser pulses with a energy
length), well below the hold-off voltage. In a good flux of 35 mJ/cmz at 565 nm [7). For attachers with
approximation an inductive energy storage system can a high attachment rate at high values of E/N and low
be considered as having a transmission line or zero attachment rate at low values of E/N (s.
characteristic. This means that the system will move Figure 2) photodetachment may be a suitable process
on a straight line. When the source is turned on the to support a transition from a highly attaching
system will therefore only approach condition (I1) state into a non-attaching state of an externally.%
in Figure 5 with a lower current density and strong sustained discharge [6).
losses (high value of E/N) [6]. To avoid this OPtically enhanced attachment means to use a
problem different approaches can be taken. One gas mixture with an additive oT molecules, which in
approach is to compromise with respect to the closing their initial state are very weak attachers, and to
and opening phase using a gas mixture with a less transfer these molecules through optical excitation
steep increase of the attachment rate with E/N and may be some subsequent spontaneous transitions
resulting in a weak negative differential conductivity into species which act as strong attachers. P
(solid lines in Figure 2). A second possibility is to Optically enhanced attachment is a control mechanism
tailor the time dependence of the source function [6). considered for controlling the opening phase of
An electron beam with an increased current density in diffuse discharge opening switches. Some attachers
the beginning of the e-beam pulse will shift the J-E/N show a drastically increased attachment cross
characteristic towards higher J-values for a short section if excited into vibrational states. For HCl
time to allow the system to reach the low E/N value c [9) and 12 [10] for example the attachment %
(1), before it approaches its steady state condition. enh nc nt factor through excitation can be largerOther solutions are to use additional external control ne .than 10 There are many ways to create attachers
mechanisms which alter the attachment properties of excited into vibrational states. Only two optical %
the gas mixture In a specific switch period, method are mentioned here, which have been used

before for the pumping lasers operating betweenOptical Control Mechanisms vibrational states:
control of diffuse discharges for lying(1) Optical vibrational excitation of higher

Optical states can be accomplished through overtoneSwitching applications, especially for opening excitation or excitation of combination states, and ?
switches, is a very recent research field. Besides
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through multi-photon excitation. Such mechanisms can [5] K. H. Schoenbach, 6. Schaefer, N. Kristiansen,
be found in nmaerous excitation mechanisms of H. Krompholz, D. Skaggs and E. Strickland, "An
optically pumed IR lasers. Some examples are lasers E-Beam Controlled Diffuse Discharge Switch,"
operating in gases such as CF4, NOCI, CF3I, and NH3, Proc. Sth IEEE Pulsed Power Conf., 1985.

pumped bya C02 laser [11].
(2) P otodissociaton of large molecules has (6) G. Schaefer, K. H. Schoenbach, H. Krompholz,

shown to produce molecules in vibrationally excited M. Kristiansen, and A. H. Guenther, 'The Use
states and is also used as excitation mechanism for of Attachers in Electron eam Sustained
molecular gas lasers. Examles are HF lasers p ed Discharge Switches- Theoretical
by photoelimination of If from CH2CF2 and CH2CHF, Considerations," Laser and Particle Beams,
using a V-flshlamp [12]. Some of these processes vol. 2, pp. 273 - 291, 1984.
have significant cross sections at the wavelength of
the ArF-laser at 193 n. Rossi et al. [8), [7] G. Schaefer, P. F. Williams, K. H.
performend a drift tube experiment to demonstrate the Schoenbach, and J. T. Mosley. "Photodetachment
feasibility of these processes for controlling the as a Control Mechanism for Diffuse Discharge
electron balance In a discharge. In 100 torr Helium Switches," IEEE Trans. Plasma Sci., vol. PS-
with 100 mtorr C2H F3 at low values of E/N (< 3 Td), 11, pp. 263-265, Dec. 1983.
they Qbtained an increase of the attachment rate of up
to 1OJ with an ArF laser. Similiar experiments were [8] M. J. Rossi, H. Helm, and D. C. Lorents,
perfomed in C2H3Cl. Schaefer et al. [13], performed "Photoenhanced Electron Attachment of
measurements in a dc glow discharge at low values of Vinylchloride and Trifluoroethylene at 193 m,"
/N (O.S-S Td), which was externally sustained by a Appl. Phys. Lett., submitted 1985.

Helium plasma Injection. In a gas mixture of 60 Torr
Helium and 31 C2H3 Cl, pulsed resistance changes of a (9] J. N. Bardsley and J. M. Wadehra, private P.
factor of 3.5 were measured after irradiating the com unication, 1982.
discharge with a UV spark source.

[10) 1. N. Beterov and N. V. Fat4yev, 'Optogalvanic
Summary Demonstration of State-to-State Dissociative

Electron Capture Rate in 12," Opt. ComM., vol.
Externally sustained diffuse discharges are 40, pp. 425-429, Feb. 1982.

promising candidates for fast, repetitive, opening
switches. Low losses in the conduction phase, fast [11] J. J. Tiee and C. Wittig, "Optically Pumped
opening, and high hold-off voltages can be Molecular Lasers in the 11-17 micron Region,"
accomplished by using attachers with a high attachment J. Appl. Phys., vol. 49, pp. 61-64, Jan.
rate at high values of C/N and a low attachment rate 1978.
at low values of E/N. The optimization of the closing (d
phase requires additional control mechanisms. [12] E. R. Strktn, and G. C. Ptmntel, ORF
Possible processes are photodetachment and optically Rotatfonal Laser Emissfon Through
enhanced attacrment. Photoelimination from Vinyl Floride and 1, 1-

Difluoroethene,' J. Chem. Phys., vol. 75, pp.
Acknowledgement 604-612, July 1981.
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Inductive energy storage is attrsc-

power losses during conduction. Botht ive In pulsed power applications be- lo f rw d v lt g d op a d as
cause of its intrinsic high energy opening can only be obtained by

density compared to capacitive stor-
choosing gasro or gas mixtures whichage systems. The key technologicalSa i f th fo l w n c nd i nse

problem in developing inductive 11.3.4,1:

energy discharge systems, especially (2) For hgE values (oe
for repetitive operation is the devel- (1)For ilow vauet o/f thedct

opent of opening switches. Prom- rdcdfedsrnt / cnut

son phase) the gas mixture should

contlled opningeswrretit iv oas- have a high drift velocity vd and lowIng switches are e-beam or laser con-

anolled ndc e is a rges e i. hon attachment rate coefficient ka .

i(2) io high E/N values (openingschematic diagram of an olectron-bam
contolle opningswith a par of phase) the gas mixture should have

anondt ve ornige sytem s psrton lower drift velocities and high at- ,-
aninuciv sorg sst s hon tachment rate co efficients." %;

in ri. 1 2]. he swtch hambr isAlong with these considerations, ,.L

filled with a gas of pressures of I several gas mixtures have been pro-

atm and above. The gas between the posed for diffuse discharge opening
electrodes conducts and allows switches. For our theoretical inves-

charging of the inductor only when an tigations N2 was chosen as a buffer

ionizing e-beam is injected into the

gas. When the e-beam is turned off, %

electron attachment and recombination

processes in the gas cause the con-

ductivity to decrease and the switch
INDUCTORopens.

The switch opening time, after CURRENT

e-beam turn-off, is determined by the SOURCE

electron loss processes in the dif-

fuse discharges recombination and at- SWITCH LOAD

tachment. In order to achieve opening

times of less than a microsecond at 
1 (IEEJLANODE -

initial electron densities <10 1 4 Cm- 3 -ELECTRON-SEAM

the dominant loss process must be at- CONTROL HEATED CATHODE
tachment, which means that the switch GRID "V

gas mixture must contain an electro-

negative gas. On the other hand, ad- Pin. 1. Schenatic of an c-l$eam con-trolle' diffuse discharae openino
ditives of attachers increase the switch.

k
P.
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gas with N20 502, and CO2 as the means that, for reasonably high at-

added attachers which satisfy the tacher concentrations in the buffer %-

above mentioned conditions. Experi- gas, the losses increase drastic-

ment* were performed in the same gas ally, causing a negative slope in

mixtures and in mixtures of Argon and the current-voltage characteristics.

C2F6 131. At 30 Td, where the attachment rate

Calculations of the steady-state coefficient is assumed to level off,

discharge characteristics were per- recombination becomes more important

formed with the relative attacher con- again, as demonstrated by the change

centration in the buffer gas as the in the slope of j vs B/N, at this

parameter. Figure 2 shows the current value. In experiments the strongest

density j versus reduced field negative slope in the current-volt-

strength B/N characteristics for dif- age characteristics was found in

terent N20 concentrations in an N2  Argon with admixtures of C2r6 , while

buffer gas. The total pressure is 1 in N2 with admixtures of N20 this

atm. At mall B/N, below 4 Td, the effect was not well pronounced.

electron loss is due to recombination Figure 3 shows the influence of

only. At about 4 Td the attachment attacher concentration (N20) on the

rate coefficient rises steeply. This switch current. For high P20 concen-

trations (3%) the switch current
10 pulse replicates the e-beam current

5* -6.1091 Crn49-
olN, pulse, except for the tail. The tail

.NsO

may be caused by the current carried

-* - .by positive and negative ions. The 3.3

102t . .... current gain (switch current/elec-

-... tron beam current) Is about 2 for
*. 07- ... this high attachment concentration.

10

2A0%
I I I I I

o ,,,.
I ~ ~ --s.7% '3

a 10 20 20 40 o0 60 70,

REDUCED FIELD STRENGTH E/N (Td] i

rig. 2. Calculated steady-state j vs /
E/N characteristics for an e-beamsus- _,_ _

tained discharge in 42 with admixtures TIME (200 n/dlv)-

of N20. The electron generation rate

is 8x1O 2 1cn 3 s-1 . The parameter is Fig. 3. Time dependence of switch

the N20 fraction in percent (see Ref. current with N20 concentration as the

4). variable parameter.
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For concentrations of 0.7%, the fal ary electrons can nearly be negle:ted
time (l/e-time) increases to approx- (< 5%), since the attachment cross
imately 100 n. For 0.1% it is on section of N20 has its maximum at
the order of 500 ns. The gain in- 2.3eV In the range where N2 has

creases to values of 9 and 12 for is e ineangi crs et s

0.7? and 0.1% N2 0, respectively. ic

Further calculations were per- References

formed to investigate the influence
of the attacher on the electron gen- 1. K. . Schoenbach, G. Schaefer,
eration mechanism. For an electron M. Kristiansen, L. L. Hatfield,

beam sustained discharge operated at and A. H. Guenther, IEEE Trans.
low values of BIN the energy of the Plasma Sci. PS-10, 246 (1982).

initial secondary electrons may be 2. C. H. Haries, K. H. Schoenbach,
well above the energy range of the G. Schaefer, M. Kristiansen, H.
steady state electron energy distri- rchole, a . Skas, R.

buin n loabv h nryKrompholz, and D. Skaggs, Rev. l
uadlso above the energy Sci. Instrum. 55, 1684 (1984).

range in which the attacher used has 3. L. L. Christophourou, S. R.
a significant attachment cross sec- C an,.AHunter, J. %. Carter, and R. A. '
tion. These initial secondary elec- Mathis, Appl. Phy'. Lettr. 41,
trons will subsequently during their 147 (1992).
relaxation move through the energy 4. G. Schaefer, K. H. Schoenbach,
range where attachment may occur even H. Krompholz, M. Kristiansen,

if the steady state distribution and A. H. Guenther, Laser Prt. .

function does not overlap with the Reas 2, 273 (1984).
attachment cross section.

Monte Carlo calculations for a
gas mixture of N2 and attachers such
as N20 and SO2 showed that at 3 Td

the average time for an 8eV
electron to reduce its energy to 2eV
is - 2.SxlO-10s. This time is alnost
exclusively spint in the energy rance
above 4eV where N2 does not have siq-

nificant inelastic cross sections.
This causes a significant difference
of the infltence of the two attachers
mentioned. 502 has its maximum at-

tachment cross section at - 4.5eV.
In a mixture of 90% N2 and 10% SO2
more than 20% of the initial second-
ary electrons are attached if they

are generated at energies abovee. So"

In a mixture of 90% N2 with 10% N20

attachment of the initial second- A.

'a0.
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Appendix D

NEGATIVE DIFFERENTIAL CONDUCTIVITY IN AN ELECTRON-BEAM

CONTROLLED DIFFUSE DISCHARGE FOR SWITCHING APPLICATIONS*

G. Schaefer,** K. H. Schoenbach,*** M. Kristiansen,

B. E. Strickland and R. A. Korzekwa

Department of Electrical Engineering

Texas Tech University

Lubbock, Texas 79403-4439, USA

INTRODUCTION

Inductive energy storage is attractive in pulsed power

applications because of its intrinsic high energy density

compared to capacitive storage systems. The key technological

problem in developing inductive energy discharge systems,

especially for repetitive operation, is the development of

opening switches. Promising candidates for repetitive opening

switches are e-beam or laser controlled diffuse discharges
[1].

An e-beam controlled diffuse discharge switch opens when

the e-beam is turned off. The switch opening time is

determined by the electron loss processes: recombination and

attachment. In order to achieve opening times of less than a

microsecond at initial electron densities ne <1014 cm-3, the

dominant loss process must be attachment, which means that the

switch gas mixture must contain an electro-negative gas. On '5-

the other hand, additives of attachers increase the power

losses during conduction. Both low forward voltage drop and

fast opening can only be obtained by choosing gases or gas

mixtures which satisfy the following conditions [1-3]:

r-" Su~pported by AFOSR/ARO
** Polytechnic Institute of New York, New York, USA

* Old Dominion University, Norfolk, Virginia, USA
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(1) For low values of the reduced field strength E/N (conduction

phase) the gas mixture should have a high dr:ft velocity vd and d

low attachment rate coefficient ka.

(2) For high E/N values (opening phase) the gas mixture should have

low drift velocities and high attachment rate coefficients.

It has been discussed before that such gas properties cause a

discharge characteristic (current density J versus reduced electric

field strength E/N) with a strong negative differential conductivity

[2,4]. Such a characteristic is equivalent to a strong increase of

the discharge resistivity with increasing E/N. Gas mixtures, for

example, recommended for these applications are mixtures of Argon

or CH4 and C2F6 or C3F8 [2]. All experiments presented here were P 0

performed with mixtures of Argon and C2F6 .

EXPERIMENTS

The experimental setup used for the presented investigations is

an electron-beam controlled diffuse discharge switch with an elec- I!,
tron-beam tetrode for multiple, submicrosecond pulse operation

[5,6]. The discharge itself was driven by a 2 Ohm pulse forming

network, and series resistors were used to simulate high impedance

systems. The discharge characteristics were investigated with a 2

Ohm system. Figures 1 and 2 show the discharge characteristics and

the resistivities for different mixing ratios of Argon and C2F6.

The current density reaches a maximum in the E/N range of 2-3 Td,-

depending on the C2F6 concentration and the source function, S.

With further increasing E/N up to approximately 5 Td the current •

density decreases. The discharge resistivity increases in this E/N

range by a factor of approximately 20. The increase of resistivity

is more pronounced with increasing C2F6 concentration. It is mainly

caused by the attachment properties of C2F6 and not by the E/N """

dependence of the drift velocity. Also mixtures of Argon and

Nitrogen have a drift velocity with a maximum at low values of E/N, V

e r. '.I
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however, these mixtures did not show a negative differential

conductivity. The drift velocity, however, seems to influence the

magnitude of the current maximum at low C2F6 concentrations since

the characteristic for 0.5% C2F6 shows a lower maximum current than

for 2% C2F6. Since the maximum of the current density indicates

the optimum operation range for the steady state conducting phase

one can conclude that the optimum Ar-C 2F6 mixture contains

approximately 2% C2F6.

INTERACTION OF DISCHARGE AND CIRCUIT

If the specific switch application requires a burst of short

pulses with a high repetition rate then the inductor is charged only

once and the total length of the burst of pulses is in the order of

the discharge time of the inductor. For this operating mode the

inductor can be treated as a high impedance line and the closing and

opening process have to follow the same high impedance load line

[3]. Figure 3 shows the different load lines used and the

experimental discharge results achieved with these load lines. It

becomes obvious that the current maximum can not be utilized with a

high impedance system in the repetitive mode.

The closing process is obstructed even for operating conditions

for which the discharge can reach a low, loss low E/N state, since

the closing process starts at high values of E/N where attachment is

strong. This behavior is demonstrated in Figure 4. The

characteristics measured with a 2 Ohm system and a 100 ohm system

are shown. For the 2 Ohm system the steady state values are

obtained in less than 100 ns. For the 100 Ohm system the J(E/N)

values are plotted for 75 ns and for 350 ns after e-beam initiation.

Figure 4 demonstrates that those low loss, low E/N operation

conditions which can be achieved with this high impedance system are

reached only after a long closing period. This behavior was already

predicted for N2 :N20 mixtures [3].

S.

-tO- " 2,'€,'Z # "€".o" ,,£,£.. ..



60

CONCLUSION

Gas mixtures which cause a negative differential conductivity

in an intermediate E/N range are most suitable for diffuse discharge

opening switches if the system is operated in a single shot mode

(recharging of the inductor after every shot). For a burst mode

(several shots from a single inductor charging), however, the

closing process is obstructed and the maximum possible current can

not be utilized. As a solution, ternary gas mixtures can be used

with two attachers with attachment cross sections at different

electron energies to produce a flat characterisitic over a wide E/N

range and to achieve the same increase of resistivity. Another
approach is to control the attachment externally [1,3].
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AN E-BEAN CONTROLLED DIFFUSE DISCHARGE SWITCH

K. H. Schoenbach, G. Schaefer, M. Kristiansen,
H. Krompholz, D. Skaggs and E. Strickland

Texas Tech University, Department of Electrical Engineering/Computer Science
Lubbock, Texas 79409

Abstract: The control efficiency and the response electrically heated array of thoriated tungsten fila- pcy
i-'e1 Belectron-beam controlled diffuse discharges ments. At a filament temperature of t100 K, the e-

is to a large extent determined by atomic and mole- be, current density is about 4 A/cal over the 100
cular properties of the switch gas composition. An oaf cross-sectional area of the beam. The temporal
e-beam tetrode was used to study switch gas structure of the e-beam is controlled by means of a
properties for submicrosecond opening switches. control grid which allows the generation of a pulse
Electrical measurements were performed with various train with pulse duration and pulse separation in the
switch gas mlitures containing small amounts of 100 ns time range. For some investigations the e-
electronegative gases. Of particular interest were beam was operated as a cold cathode system, which
mixtures of N20:N 2 and C2F6:Ar. In both gas mixtures provided e-beam current pulses of 15 A with a pulse
the resistivity increases with electric field duration of-400 ns.
strength. This effect is particularly strong in a
mixture of 2% C2F6 in 1 atm Ar, where an increase of CURMT i
25 was obtained in a reduced field strength range of Samon
1 Td < E/N < 20 Td. The current decay times or
opening times with this mixture were below 100 ns.
Optical time resolved investigations of discharges in ......
C2F6 :Ar showed the occurence of striations which were D.S."

perpendicular to the discharge axis. These luminous VOLu
layers in the discharge can be explained as domain
formations similar to those observed In direct
semiconductors as e.g. the Gunn-effect in GaAs.

Introduction

Electron-bean controlled diffuse discharges can .o.....-
be used as fast, repetetively operated closing and A , CA

opening switches. The concept is as follows: The gas J
between the electrodes conducts when the ionizing e-
beam is injected and the switch closes. The switch
voltage remains below the self-breakdown voltage, so
that avalanche ionization is negligible. Thus the
discharge is completely sustained by the e-beam. When
the e-beam is turned off, electron attachment and CURRENT VACUUM
recombination processes in the gas cause the conduc- SaNSOn PUMP
tivity to decrease and the switch opens.

In order to achieve opening times of less than a Fig. 1. Cross Section of E-Beam Tetrode and Switch
microsecQnd at initial electron densities of n < Chamber.
1014 cm 3, the dominant loss must be attachment. fhat
means that the switch gas mixture must contain an
electronegative gas which, however, lowers the effi- The e-beam voltage is applied to the anode by a
ciency of the switch. It causes a reduction of the two-stage Marx generator, which delivers a maximum "
current gain (switch current/e-beam current) propor- voltage of 250 kV with a 5 ns risetime and with an
tional to the opening time. If the switch is part of exponential decay time constant of about 2.5 micro-
an Inductive energy circuit, both high current gain seconds into a 300 Ohm load. After passing through a
and fast opening can be obtained by choosing gas 25 Am titanium foil and a 12.5 Am aluminum foil,
mixtures which satisfies the conditions [1,2,3]: which serves as an electrode in the diffuse discharge
a) For low values of the reduced field strength E/N switch, the e-beam generates a diffuse plasma
(conduction phase) the gas mixture should have a high between the electrodes in the stainless steel
drift velocity vd and low attachment rate ka. discharge chamber. The current through the plasma is
b) For high E/N values (opening phase) the gas mix- provided by a 2 Ohm pulse forming network.
ture should have lower drift velocities and high Measurements of the e-beam current and the
attachment rate coLfftcients. switch current were performed by means of

transmission line current transformers (5). Voltages
Experimental Setup were measured with fast resistive voltage dividers.

In order to get information on the spatial structure
For the investigation of e-beam controlled of the discharge an image converter camera was built

conductivity in a high pressure gas mixture with [6] using an ITT image converter diode type F4109.
properties as discussed above, a discharge system was The camera has a high sensitivity of 225 AA/Im and a
constructed with an e-beam tetrode as control element high spatial resolution of 45 Ip/m. The shutter m
(4). A schematic cross-section of the tetrode and the time was about 10 ns.
discharge chamber is shown in Fig. 1. The e-beam .J
cathode Is located in the Pyrex cylinder between the
two plates of a stripline and consists of an .

%I.
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Experimental Results 1 At= N2  .7Z N20 S-5-10 2
0 €m-3s - !

Diffuse discharge experiments were performed in I ... ........ ...... .....

1420, S02, and CO2 with N2 as buffer gas, and C2F6 in
Ar. Thq source term, the number of electrons pad ced C
per ecqnd, was in the range of 1020 anisi! to
1021 cm-s-'. The voltage applied at the PFN was
varied between 100 Volts and 20 kV. The switch elec-
trode gap was kept constant at 3.5 cm. Most of the
measurements were performed with the N2O:N2 gas mix-
ture. This gas combination was for one expected to
satisfy the conditions for switch gases nicely (see
introduction) and secondly it allowed modeling of the
diffuse discharge 171, since a complete set of cross
sections is available for N2 18) and the plasma .
chemistry in a mixture of N2 and N20 appeared to be U a s is 2 2

relatively simple. .
Figure 2 shows the influence of the attacher c ORUCEO FNE.D S.RENO:N E/N C Td

concentration (420) on the opening time. For high N20
concentrations (3 %) the switch current replicates the Fig. 3. Current Density j versus Reduced Field
e-beam current, except for the tail. The tail is Strength E/N for a Discharge in N20:N2
caused by the current carried by positive and negative (Calculated Curve and Experimental Data
ions. The current gain is about 2 for this attacher Points).
concentration. For concentrations of .7 % the fall
time (l/e -time) increases to approximately 100 ns. In Fig. 4 the experimental and theoretical data
For .1 % it is in the order of 500 ns. The gain are plotted in a resistivity Pversus E/N diagra.
Increases to values of 9 and 12, respectively. The desired opening switch effect, an increase in

resistivity with increasing electric field, is
obtained with the N20:N 2 gas mixture. However, the
increase is moderate: about 2.5 over a field
strength

1 Atm. N2 * .7Z N20 S.!x1O2O -

-0.1%NO

3 %
- L

Z "au!I l ..- .•.

" I "

UU

C 5 10 15 2' 215 %

TIME (200 na/dlv) RE7.1ED FIE-_ STREN,-. E/N C T I , .

Fig. 4. Discharge Resistivity P versus E/N for a ,.
Discharge in "20:N21 (Ca9culated Curve and

Fig. 2. Normalized Switch Current for Different Experimental Data Points.)

Attacher Concentrations. Demonstrating the
Strong Effect of the Attacher on the Current range of 25 Td. The strong deviation of the lowest
Decay (Opening Time). experimental value from the computed curve is

probably due to the fact that the cathode fall was
not included in our model. Gas combinations of S02

Figure 3 shows the experimentally obtained and C02 with N2 as buffer gas showed even smaller
current density (J) values (dots) versus reduced changes in resistivity at comparable opening times.
field strength E/N for the e-bea sustained discharge A group of very promising gases, wat the
under steady state conditions in 1 atm N2 with .7% opening switch conditions concerns (see
N420. The curve represents calculated values (9] introduction), were proposed by Christophourou et.
wfiich were critically depending on available attach- a1. (3). 'The total attachmnent rate constant ka is
ment rate coefficients or cross sections 10112. plotted versus mean electron energy f in Fig.5.
The good coincidence between model and experiment was Measurements performed with the gas mixture of 2 %
obtained with attachment cross sections measured by C2F6 in 1 atm Ar as buffer gas gave as a result a
Chantry [123. very strong increase in resistivity with field

strength (Fig.6). Decay (opening) times for this
mixture were below 100 ns. The mixture seems to be
relatively stable.

,,.
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negative charges with increased sass, above a certainFRg. C. cases with Strong Increase of Attachment electron energy. A similar effect is known and widely
Rate Coefficient with Electron Energy [13]. applied for high frequency generation and amplifi- ',

cation in semiconductors, as e.g. GaAs [14). The
negative differential conductivity in semiconductors

is caused similarly as in diffuse discharges by an
increase In the effective mass of the electrons at

I Atm. Argon * 2z C2 F6  higher electron energies [15]. The presence of NDC in
o..... ................................. semiconductors causes homogeneous material to become

- electrically heterogeneous thus causing high field
5•* dipole domains to form and propagate through the

semiconductor (Gunn-effect).

0The same effect, formation of high field
domains, can be expected in externally sustained

t discharges with gas mixtures such as C2F6 in Ar. In
* 'order to prove this, the discharge was optically

recorded by means of an image converter camera with a
.. -shutter time of 10 ns. Figure Sa shows side-on '"

* photographs of the discharge at different times after
101. e-beam turn-on, Fig. 8b the corresponding photometer %

* * * curves along the discharge axis. The discharge was

biased so that the point of operation was in the NDC-
S

soo 10 region of the J-E/N characteristic (Fig. 7). The
pictures show clearly the development of a highly

REDUCED FIELD STRENGTH C/N I Td I luminous layer In the cathode region of the
discharge. Its profile is dependent on the bias
voltage; for bias points on the left hand side of the
current density max iam the discharge appears
homogeneous.

We consider the region of high luminosity as a
Fig. 6. Discharge Resistivity Po versus ElN for a high field domain a region of enhanced energy

Discharge in C2F6:Ar. dissipation, similar to the ones observed in semicon-ductors. The reduction In the width of these 'I.

structures can be explained by the more than linear
increase in the attachment rate coefficient in theReproducable results at an e-bea~m voltage of 150 kV DC-regon. A propagation of the high feld domains M

were obtained for 150 shots without changing the gas. C n Airotion of te hg feld dmi
The curn est j essrdcdfed in anode direction could not be observed. Thecurrent density (J) versus reduced field reasons are the shot-to-shot variations in the struc-

strength (E/N) curve for this gas mixture is shown in ture which did not allow exact timing and tho
Fig. 7. It contains a region with very pronounce cd relatively slow mtion of the layer (v 10
negative differential conductivity (NDC). The effect -1Ot c ais).

which causes NDC in externally sustained diffuse The developmnt of high field domains has
discharges containing attachers Is due to the probably little effect on the opening switch behavior
increased generation of negative ions, that means of an e-beam controlled discharge; however, It may

lead to more applications for these type of
discharges. The analogy to the Gunn effect in GaAs
points to the Initiation of #-beam sustained
discharges as high power, high frequency oscillators
and amplifiers. Preliminary calculations indicate
power levels of 100 kW at frequencies < 1 G4z.

.. . ., ., . , -* ... ,*_ ,_, . . ,_ .... .. . . :
S% N. %-%
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Ar opening times of less than 100 ns were measured. Carter, S.N. Spyrou, V.K. Lakdawlar. "asic
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discharge in C2F :Ar has a distinct region with [15) S.K. Ridley, and T. 8. Watkins, *The Possi-
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Influence of the circuit impedance on an electron beam controlled diffuse
discharge with a negative differential conductivity
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R. A. Korzekwa. and G. Z. Hutcheson
Depanment of Electrical £ gineeringComputer Science. Texas Tech Universit, Lubbock.
Texas 79409-4439

(Received 17 March 1986; accepted for publication 5 May 1986)

The use of attaching gases in an externally sustained diffuse discharge opening switch with a low
attachment rate at low values of E IN and a high attachment rate at high values of E /IN allows the
discharge to operate with low losses in the closed switch phase and to achieve fast opening after
the sustainment source is turned off. Such an attacher generates a J-E IN characteristic with a
negative differential conductivity in an intermediate E IN range. Such a characteristic obstructs
the closing process of the discharge if it is operated in a high impedance system. Experiments
demonstrating these effects are presented for electron beam sustained discharges in mixtures of
argon and C2F,.

Inductive energy storage is attractive in pulsed power EIN. Gas mixtures which show the above-mentioned prop-
applications because of its intrinsic high-energy density erties and were recommended for these applications include
compared to capacitive storage systems. The key technologi- mixtures of argon or CH,. and C2F6 or C3 Fs (Ref. 2). Some
cal problem in developing inductive energy discharge sys- of these gas mixtures have been used for switching experi-
tems, especially for repetitive operation, is the development ments in e-beam sustained discharges."s The experiments
of opening switches. Promising candidates for repetitive presented here were performed with mixtures of argon and
opening switches are electron beam (e-beam) or laser con- C2F6.
trolled diffuse discharges. The experimental setup used for our investigations is an

An e-beam controlled diffuse discharge switch utilizes e-beam controlled diffuse discharge switch with an e-beam.
an externally sustained discharge as the switch medium in tetrode for multiple, submicrosecond pulse operation.'- The
which ionization is solely maintained by the e-beam. The discharge itself is driven by a 2-fl pulse-forming network -' ,
switch opens when the e-beam is turned off. The switch and series resistors are used to simulate high impedance sys-

opening time is determined by the electron loss processes: tens.
recombination and attachment. In order to achieve opening The discharge characteristics were investigated with a
times of less than a microsecond at initial electron densities 2-1 system. Figures I and 2 show the discharge characteris-
n, < 10" cm- ', the dominant loss process must be attach- tics and the resistivities for different mixing ratios of argon
ment, which means that the switch gas mixture must contain and C2F6. The source function was kept constant at a value
an electronegative gas. On the other hand, additives of at- of S = 1.3 X 102 0 cm s- '. The current density reaches a
tachers increase the power losses during conduction. Both maximum in the E/N range of 2-3 Td, depending on the
low forward voltage drop and fast opening can only be ob-
tained by choosing gases or gas mixtures which satisfy the
flowing conditions 1-

3 :

(I ) For low values of the reduced field strength, E IN 3.0
(conduction phase), the gas mixture should have a high drift E
velocity vd and low attachment rate coefficients k.. 2 0.S%:0

(2) For high E /N values (opening phase) the gas mi x- 2%:o
lure should have low drift velocities and high attachment 4 2.0 5%S
rate coefficients. ,0%:

It has been discussed before that such gas properties cause a 1.5
discharge characteristic (current density J versus reduced W
electric field strength E/N) with a strong negative differen- 1- 1.0 l1
tial conductivity.2' Such a characteristic is equivalent to a 11
strong increase of the discharge r.sistivity with increasing W 0.5 a,

_____0.k--.

REDUCED FIELD STRENGTH (E/N)/Td
Present address Department ofElectncal Engineering. Polytechnic Uni-
evsity, Farmingdale, NY 11735

Present address Deparlment of Electrical Engineering, Old Dominion FIG I Current density J vs reduced field strength E/N, for an e-beam
University. Norfolk, VA 23501 sutained discharge in argon with admtixtures oC:F. The source function %

*Present address Maxwell Laborutoies, San Digo. CA 92123 is S - 1.3 x le9 cm-' s ', The variable parameter is the C,F, fraction.
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1 0.5%:0o 1.0 "

IC ~ 0. '

5 10 15

REDUCED FIELD STRENGTH (E/N)/Td REDUCED FIELD STRENGTH (E/N)/Td

FIG. 2. Re stivityp vs reduced field -4rength E/N for an e-besm sustained FIG. 3. Load lines and current density J vs reduced electrc held strength
discharge in argon with admixtures of CF,. The source function is EIN. for an e.beam sustained discharge in argon with an admixture of 2%
SM I.3 x I0 c m ' '.The varable parameter is the C;F. fraction. C.F.. obtained with different load lines.

C2F, concentration and the source function S. With further be utilized with a high impedance system in the repetitive
increasing E/N up to approximately 5 Td the current density mode.
decreases. The discharge resistivity increases in this E/N The closing process is obstructed (the closing time in-
range by a factor of approximately 20. The increase of resis- creases significantly) even for operating conditions for
tivity is more pronounced with increasing CF, concentra- which the discharge can reach a low loss. low E IN state. .
tion. It is mainly caused by the attachment properties of since the closing process starts at high values of E IN where %

C2F, and not by the E IN dependence of the drift velocity, attachment is strong. This behavior is demonstrated in Fig.
Also mixtures of argon and nitrogen have a drift velocity 4. The characteristics measured with a 241 system and a
with a maximum at low values of E IN; however, these mix- 100-fl system are shown. For the 2-f1 system the steady-
tures did not show a negative differential conductivity. The state values are obtained in less than 100 ns. For the 100-fl
drift velocity, however, seems to influence the magnitude of system the EIN values are plotted for 75 ns and for 350 ns
the current maximum at low C2F6 concentrations since the after e-beam initiation. The ionizing e-beam had a rise time
characteristic for 0.5% C2F, shows a lower maximum cur- of approximately 10 ns and a nearly flat maximum over a
rent than for 2% C2F. Since the maximum of the current pulse length of 400 ns.' The source function for these me&-
density indicates the optimum operation range for the surements again was S = 1.3 x 102" cm -  s-'. Figure 4
steady-state conducting phase one can conclude that the op- demonstrates that those low loss, low E/N operating condi-
timum Ar-C2F, mixture contains approximately 2% C:F,. tions which can be achieved with this high impedance sys-

It should also be mentioned that the self-breakdown vol- tem are reached only after a long closing period. This behav-
tage and the glow-to-arc transition voltage increase with in- ior was already predicted for N2:N2O mixtures.'
creasing CqF, concentration. The E IN values for the glow- We therefore have to conclude that gas mixtures which
to-arc transition were 8, 12, and 15 Td, and > 20 Td for C,FA,
concentrations of 0.5%, 2%, 5%, and 10%. respectively.

If the specific switch application requires a burst of
short pulses with a high repetition rate, then the inductor is 3r.C f.z

charged only once and the total length of the burst of pulses 23 2 OHM LOAD AT 75 n$:o
is shorter or in the order of the discharge time of the induc- < 2.5 - OHM LOAD AT 75 a:' ' .... 100 OHM LOAD AT 750 n:o
tor. For this operating mode the inductor can be treated as a 100 OHM LOAD AT 750 n:

high impedance transmission line and the closing and open- .0

ing processes have to follow the same high impedance load V) , S
line.' This load line, therefore, also determines the maxi- Z

mum voltage V., which can be obtained with an open cir- 0
cuit. The next closing process, starting with V,, will then
follow the load line until it reaches the steady-state condition C 0.5
of the discharge, given by the J-EIN characteristic of the II
discharge.a .

These operating conditions were simulated in our exper- 0 10

iment by using resistors in series with the pulse formi:g REDUCED FIELD STRENGTH (E/N)/Td

network. Figure 3 shows the different load lines used and the
expeimetal iscarg resltsachivedwit thee lad G 4 Current density J vs reduced electric field strength E /N% for an C-

experimental discharge results achieved with these load beam tustained discharge in argon with an admixture of 2% CF.. obtained
lines. It becomes obvious that the current maximum cannot at different times after e-beam initiation and with different load lines
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INTACTIO4 OF DISaiARCE AND CIRCUIT IN AN
ELECTRON-BEAN CONTROLLED DIFFUSE DISCHARGE OPEN4INC SWITCH

C. Schaefer.a) K. H. Schoenbach M. Kristiansen. B. E. Strickland'C)

R. A. Korzekwa. C. Z. Hutcheson.d ) and K. R. Rathbun
Department of Electrical Engineering/Computer Science N
Texas Tech Unversity. Lubbock. Texas 79409-4439. USA

Abstract high energy density compared to present capacitive

storage systems. The key technological problem In
The use of attaching gases in an externally developing inductive energy discharge systems.

sustained diffuse discharge opening switch with a especially for repetitive operation. is the

low attachment rate at low values of E/N allows development of opening switches. Promising

the discharge to operate with low losses in the ndidtes for repetitive opening switches are

closed switch phase and to achieve fast opening electron bes. or laser controlled diffuse.

after the sustainment source is turned off. Such discharges. 

an atracker generates a J-./N characteristic with An electron beam controlled diffuse discharge

a negative differential conductivity in an switch utilizes an electron beam sustained

intermediate E/N range, as demonstrated in discharge as the switch medium. The voltage

electron beam sustained discharges. Such a across the switch is always kept below the voltage

characteristic obstructs the closing process of of the self sustained discharge, which means that

the discharge if it Is operated in a high ionization is solely waintained by the electron .s1

impedance system. Experiments demonstrating these beam. The switch opens when the electron beam is

effects are presented for electron beam sustained turned off. The switch opening time is determined

discharges in mixtures of Argon and C2F6 . by the electron loss processes: recombination and _L6

Another approach discussed is to control the attachment. In order to achieve opening times of

attachment externally by generating vibrationally less than a microsecond at initial electron

excited molecules, which are known to have higher 
%

attachment cross sections. Experiments are densities n o < 10S-a . the dominant loss

presented, demonstrating increased resistivity in process must be attachment, which means that the

switch gas mixture muist contain an
self sustained and externally sustained dc s

discharges it. gas mixtures containing attachers electro-negative gas. On the other hand.

such as KI3 and C HY after vibrational additives of attachers increase the power losses
2 3 during conduction. Both low forward voltage drop

exctitation with a low power CO2 laser. and fast opening can only be obtained by choosing

gases or gas mixtures which satisfy the following
Introduct ion conditions (1-3]:

(I) For low values of the reduced field strength.For many pulsed power applications weight and""
E/M. (conduction phase) the gas mixture should %

volume have become the major limiting factors for ( dhgo
have a high drift velocity. vd. and lowscaling these systems to higher energies. attachment rate coefficients. ia

Inductive energy storage is. therefore, attractive atahetrt ofiins
(2) For high UN values (opening phase) the gas

for these applications because of its intrinsic rd

mixture should have low drift velocities aind
high att achment rate coefficients .40

a) Permanent Address: Polytechnic University.

Farmingdale. Mew York. USA J-sc -tio(ie 1 ar.@Te11S..i

b) Permanent Address Old Dominion University. It has been discussed before that such ga .,.

Norfolk. Virginia. USA properties cause a discharge charaterisric *.5"

c) Permanent Address Maxwell Laboratories. (current density. J. versus reduced electric fiele %

Inc . San Diego. California. USA strength. [./N) with a strog nergative differentia.

d) Permnent Address Mission Research conductivity [(' 4] Sur?, a charecipristi 1s

Corporation. Albuquerque he Mexico USA equivalent to a stror increnss of the disc'Art(. S.
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resistivity with increasing E/N. Cos mixtures Interaction of Discharge and Circuit

which show the above mentioned properties and were

recommended for these applications include Fast. repetitive transfer of power from an

mixtures of Argon or CH4 and C2F6 or C3 F8 [2]. inductive energy storage device to a load requires

Some of these gas mixtures have been used for detailed considerations of the circuit elements as
switching experimnts in electron baem sustained transmission lines. Implying a high characteristic

discharges [5.6]. The experiments presented here impedance and a fixed transit time [9]. If the

were performed with mixtures of Argon and C2 F6. specific switch application requires a burst of

The experimental setup used for our short pulses with a high repetition rate then the

Investigations is an electron beam controlled inductor is charged only once and the total length

diffuse discharge switch with an electron beam of the burst of pulses is in the order of the

tetrode for multiple. submicrosecond pulse discharge time of the inductor. For this

operation [7.8]. The discharge itself is driven operating mode the inductor can be treated as a

by a 2 0 pulse forming network and series high impedance line and the closing and opening

resistors are used to simulate high impedance processes have to follow the same high impedance

systems. load line [3). Figure 2 shows the different load

The discharge characteristics were lines used and the experimental discharge results

Investigated with a 2 0 system. Figure I shows achieved with these load lines. The closing

the discharge charateristics for different mixing

ratios of Argon and C2 F6 . The source function was 3.0

3.0 2 OHM LOAD AT 75 ns:o
1 100 OHM LOAD AT 75 ns:c aB!

2.5- 2.0 100 OHM LOAD AT 350 ns:c 12.5 - Oe;O.S , 2.0o
/ '2 1. : : %€.

o~s. 0. I
2.0" 5/,: 1.5-

w
0

Z0: Z
1.5. ,

Zw

0.0
O.S. 5 10 15

1 REDUCED FIELD STRENGTH (E/N)/Td
0.0/ o,

05 10 15 Fig. 2 Current density. J3. versus reduced
electric field strength. E/N. for an

Fig I Current density. J. versus reduced e-beam sustained discharge in Argon with

electric field strength. ./N. for an an admixture of 2 C2F.. obtained at

e-beam sustained discharge in Argon with different times after e-beam initation and %

admixtures of C2F6 .  The source function with different loadlines. "
is S a 1.3"1020 cmIS -l.  The variable

parameter is the C2 F6 fraction. process is obstructed even for operating

conditions for which the discharge Maz reach a low

loss. low E/N state, since the closing process .%b

kept constant at a value of S a 1.3*1020 cm-3 a- I  starts at high values of K/N where attachment is

The current density reaches a maximum in the E/N strong. For the 2 fl system the steady state U

range of 2-3 Td. dependin g on the C2F6  values are obtained in less than 100 no. For the

concentration and the source function. S. With 100 f) system the E/N values are plotted for 75 ns

further Increasing ./N up to approximately 5 Td and for 350 ns after electron beam initiation

the current density decreases This decrease of The ionizing electron beam had a risetime of

current density. corresponding to an increase of a pproximately 10 no and a nearly flat maximum over

resistivity is more pronounced with Increasing a pulse length of 400 ns [7). The source function.

C2F6  concentration. caused by the attachment for these measurements again wa%

properties of C2 F S 1 3*1020 cm-3a- I  Figure 2 demonstrates tha"

%"

• . ) '. , .%.'_ e " %m " % " % ..• " ". -. . " % % , * * *. . % . • , * % * % • . % .. . . . % % . .' a.
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those low loss, low E/E operation conditions which 0.030

can be achieved with this high impedance system

are reached only after a long closing period. -0 .025
ma32. 2 o-

This behavior was already predicted for N2:N2 0 a 29.0 to.-

mixtures [3]. 
2. 02a

We. therefore, have to conclude tht a 0.020 :25. 0 o-

mixtures which cause a negative differential

conductivity in an intermediate E/N range are most 
.

0.01

suitable for diffuse discharge opening switches

only if the system is operated in a single shot 0.010

mode (recharging of the inductor after every

shot). For a burst mode (several shots from a %

single inductor charging), however, the closing "

process is obstructed and the maximum possible 0. 000

current can not be utilized. ISO 200 250 300 35C

DISCI.aRGE CURRENT/ tl05
6

A

IR Induced 
Attachment

Fig. 3 C02 -laser induced relative discharge

Another approach considered to achieve a low resistance change. AR/Ro . versus discharge

forward voltage drop Znd a fast opening time is to current. J. in a self sustained glow

control the attachment externally. Certain discharge in a mixture of 57% NH3 and 43%

attachers are known to have a drastically Argon. The variable parameter is the gas

increased attachment cross section if excited into pressure. P.

higher lying rotational and vibrational states.

One way to excite molecules into such states is to Since the self sustained discharge does not

use lasers to optically excite molecules like CF 4  allow independent control of E/N. we also

or NH3. similar to techniques used in optically performed experiments in an externally sustaned

Pumped IR lasers [103. We. therefore. performed discharge. sustained by in~ecting the plasma from

experiments in self sustained and externally a flowing hollow cathode discharge. First.

sustained dc discharges. irradiated with a chopped experiments were performed at constant E/N in a

CW CO2 laser, buffer gas of Argon with 5% Helium (the Helium was

The self sustained discharge was operated in used in the hollow cathode) and %h
3 . The

a discharge tube (0 = 4 mm) with the two discharge resistance decreased during laser

electrodes in side arms and with two probe irradistion with the CD2 laser (P20 at 10.591 um).

electrodes to measure the voltage drop only across The results for different N% concentrations are

the positive column. With this arrangement, only shown in Fig. 4.

the positive column was irradiated. A large The increase of resistivity is small and

series resistor ensured operation at constant mainly occurs at high values of E/4. This

current. Experiments were performed in mixtures behavior is expected since NH3  has a low

of Argon and H3. During irradiation with a COD2  attachment cross section with its maximum at .

laser (P20 at 10.591 pm) the voltage across the approximately 5.6 eV. If vibrational excitation

colusm showed a smell increase. indicating an causes an enhancement of attachment, then the

increased resistivity, cross section will increase and its imaximum will

Figure 3 shows the relative change of the shift to lower energies. -
discharge resistance under the influence of the In recent experiments with admixtures of

CD laser. The measurements were performed with halogenated hydrocarbons (C2 HF3 . C2H3F. and

the current density as the variable parameter C2 H3 CI) , significantly higher resistance changes

since the discharge voltage was nearly constant. were achieved. The selection of the attacher and

The value of UN at the stability limit with low the attacher concentration also allowed the

currents was approximately 50 Td and decreased adjustment of the E/N range where the relative

with increasing current by less than I0% in the increase of the resistance had its maximum. With

current range investigted, HF. for example . aresistance change of 1 was.3.
2. 3
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0. 14 .................... Diffuse Discharge Opening Switches." I1E

Trans. Plasma Sci.. Vol. PS-lO. pp. 246251.

0).12 1962.
32 NH0 [2) L. L. Christophorou. S. R. Hunter. J. A./. h

0 : 241 NW3  Carter. and R. A. Mathis. "Cases for Possible

a: 24ZNH3 0Use In Diffuse Discharge Switches." Appi.
0. ~ Phys. Lett.. Vol. 41. pp. 147-149. 1982.

[3] C. Schaefer. K. H. Schoenbach. H. Krompholz.

.0 H. Kristiansen. and A. H. Guenther. "The Use

of Attachers in Electron Bean Sustained 9

Discharge Switches - Theoretical

Consideration." Laser and Particle Beams.
0.0 o Vol. 2. pp. 273-291. 1964.

[4] A. D. Barkalov and C. C. Cladush. -Domain

0 20 20 30 40 50 50 70 60 9o g o Instability of a Non-Self-Sustaining

Discharge in Electronegative Cases."
Translated From Teplofizika Vysokikh

Fig. 4 CD2-laser induced relative resistance Temperatur. Vol. 20. pp. 19-24. 1982.

change. AR/R o . versus E/N in an externally [5] P. Bletzinger. "Scaling of Electron Bean

sustained dc discharge in a mixture of Switches." Proc. 4th IEEE Pulsed Power Conf..

and a buffer gas of Argon and 6% Helium at pp. 37-40. Albuquerque. NM 1963. %

32 torr total gas pressure. The variable [6] R. J. Comnisso. R. F. Fernsler. V. E.

parameter is the % KH3 concentration. Scherrer. and I. M. Vitkovitsky. "Application

of Electron Beam Controlled Diffuse

observed with a laser power of less than I W cm
-2  

Discharges to Fast Switching." Proc. 4th IEEE

It should, however, be mentioned that experiments Pulsed Power Conf.. pp. 87-90. Albuquerque.

with electron beam sustained discharges containing NM 1963.

other attachers have to date failed to show a [7) H. C. Haries. K. H. Schoenbach. C. Schaefer.

significant increase of the attachment rate after M. Kristiansen. H. Krompholz. and D. Skaggs.

irradiation with a pulsed O2 laser [11]. It was "An Electron Beam Tetrode for Multiple.

suggested that electron vibrational excitation and Submicrosecond Pulse Operation. " Rev. SCl.

quenching collisions negate the selective Instr.. Vol. 55. pp. 1684-1686. 1964. ,'-
xcitation with the laser. A careful analysis of [8) K. H. Schoenbach. C. Schaefer. M.
11 processes involved seems, therefore, to be Kristiansen. H. Krompholz. H. C. Harjes. and

necessary to select suitable attachers, buffer D. Skaggs. "An Electron-Beam Controlled

gases, and laser wavelengths. Vibrational Diffuse Discharge Switch." J. Appl. Phys..

excitation into higher lying states with larger Vol. 57. pp. 1616-1622. 1965.

photon energies my have a better chance to [9] M. Kristiansen. "Fundamentals of Inductive

generate states which are not produced in the Energy Storage," Proc. ARO Workshop on

discharge. Repetitive Opening Switches.edited by M. 'a

Kristiansen and K. H. Schoenbach. Tamarron.
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Abstract opening can only be obtained by choosing gases or gas
mixtures which satisfy the following conditions [1-3]:

Electron beam controlled diffuse discharges are (1) For low values of the reduced field strength. E/f4.
promising candidates for high power opening switches. (conduction phase) the gas mixture should have a
In order to achieve short opening times when the high drift velocity. vd. and a low attachment rate
electron beam is turned off. the switch gas mixture must coefficient. k
contain an attacher. Both low forward voltage drop and a
fast opening can be obtained by choosing gas mixtures (2) For high E/K values (opening phase) the gas mixture
with a low attachment rate coefficient. k . at low E/h should have a low drift velocity and a high

and a high attachment rate coefficient at high EN. attachment rat coefficent.

Such gas properties cause a discharge characteristic Discharge Characteristics
(current density. J. versus reduced electric field
strength. E/) with a strong neghtive d4fferential -I.t has been discussed -before that such gas
conductivity. For switch applications requiring a burst properties cause a discharge charateristic (current
of short pulses, the inductor has to be treated as a density. J. versus reduced electric field strength. E/)
high impedance line. Here the closing process is with a strong negative differential conductivity [2.4].
obstructed since it starts at high values of £/N where Such a characteristic is equivalent to a strong increase
attachment is strong, and the maximum possible current of the discharge resistivity with increasing E/( Cas
can not be utilized. Experiments with varying system mixtures which show the above mentioned properties and P
impedances were performed with mixtures of argon and were recommended for these applications include mixtures t%
C2F6 demonstrating this effect. As an alternative, of argon or 014 and C2 F6 or C3F9 C2]. Some of these gas P.

ternary gas mixtures can be used with two attachers with mixtures have been used for switching experiments In
attachment cross sections at different electron energies electron beam sustained discharges [5.6). The
to produce a flat characteristic over a wide E/N range. experiments presented here were performed with mixtures
A further approach for improving switch efficiency is of argon and C F
presented using Penning additives such as C H to 2 6

ra h n f2 2 The experimental setup used for our investigations
increase the Ionization efficiency of the electron bean. is an electron beam controlled diffuse discharge switch

with an electron beam tetrode for multiple.
Introduction submicrosecond pulse operation (7.8]. The discharge %

itself is driven by a 2 ( pulse forming network and
For many pulsed power applications weight and series resistors are used to simulate high impedance

volume have become the major limiting factors for systems.scaling these systems to higher energies. Inductive The discharge characteristics were investigated
energy storage is. therefore. attractive for these with a 2 0 system. Figure I shows the discharge
applications because of its Intrinsic high energy clarateristics for different mixing ratios of argon and %
density compared to present capacitive storage systems. CF . The source function was kept constant at a value
The key technological problem in developing inductive 2 6
energy discharge systems. especially for repetitive of S = -.3,10 0 cm- 3 - T
operation, is the development of opening switches. s The current density reaches a

Promising candidates for repetitive opening switches are 3.0
electron beam or laser controlled diffuse discharges. E

An electron beam controlled diffuse discharge u
switch utilizes an electron beam sustained discharge as < 2.5 0.5%:o
the switch medium. The voltage across the switch Is 2%:&
always kept below the voltage of the self sustained 5/:a
discharge, which means that ionization is maintained by >. 10/:o
the electron beam. The switch opens when the electron -
beam is turned off. The switch opening time is .
determined by the electron loss processes: recombination 'Z
and attachment. In order to achieve opening times of C0,J
less than a microsecond at initial electron densities 1,- 1.0

n < 1014 cal 3 . the dominant loss process must be W

attachment, which means that the switch gas mixture must cc 0.5 -o1
contain an electro-negative gas. On the other hand. D
additives of attachers increase the power losses during 0.0
conduction. Both low forward voltage drop and fast 0 5 10 15 -REDUCED FIELD STRENGTH (E/N)/Td
a) Permanent Address: Polytechnic University.

Farmingdale. New York Fig. I Current density, J. versus reduced electric
b) Permaent Address: Old Dominion University. field strength. E/N. for an e-beam sustained

Permanen Airess' discharge in argon with admixtures of C2 F . The
Norfolk. Virginia 

3-
€) Permanent Address: Mission Research Corporation. source function is S z 1.3"1020 cm 3s- The

Albuquerque. New'Mexico variable parameter Is the C2F6 frsction.

#s~ q .~ . . . . .. C.



samxtsm IM the EM rMg of 2-3 Td. depending an the the am~xi of the current density indicates the optima

VJ 6  -tratim and the source faction. S. Vith operation range for the steady state conduction phase
(Wther Incremalg VV up to approximtely 5 Td the oe can conclude that the 4ptima Ar-C2 F6 -ailture
€urremt density decreases. This decrease of current contains. approximtely 2 C2F6€mlY orrespoWd09 to an Increase of rssiiya
den orF. pn to enoinced of resiv It should also be mentionod that the self breakdown
sCF 6  voltage and the glow-to-arc transition voltage increase

IV with increasing C2 F6 concentration. The E/lN values for

the glow-to-arc transition were 6 Td. 12 Td. IS Td. and
T ) 20 Td for C2 F6 concentrations of 0.5X. 2X. 5. and
W lO . respectively.
E
O 10 4  

UV SUSTATIIED DISCHARE "

It is Interesting to notice that a similar
discharge characteristic has been found in optically
sustained discharges using the same gas mixtures.

1- 103-Figure 4 shows the'characteristics for l0% C2Fr in argon

Uo Iin an electron beam sustained discharge with a source

5: - function of S a 1.3l02 cm *' and for an optically ,

10%:0 sustained discharge with a source function of %
102 S = 1.6"1019 cm"3 s- In the case of the optically

0 5 10 15
REDUCED FIELD STRENGTH (E/N)/Td 10

Fig. 2 Resistivity. p. versus reduced electric field
strength. UN. for an e-beam sustained discharge
in argon with admixtures of C2 F 6 . The source

20 -3 -1.-function is S = l.3"102 cm s The variable
parameter Is the C2F6 fraction. I%

, E.BEAM SUSTAINED S 1.3-10" cm 3 
S

"

concentration. It is vainly caused by the attachment a % I'
properties of C2 F6 and not by the EAI dependence of the A ,

drift velocity. Also. mixtures of argon and ntroen UV SUSTAINED S = 1.610 cm' S*'
have a drift velocity with a maximum at low values of M
E/N. however, these mixtures did not show a negative D
differential conductivity, as shown in Fig. 3. The U

.01
0 S 10 IS 20 25 30 35 40

N 10 REDUCED FIELD STRENGTH (E/N)/Td
E ".

0Fig. 4 Qurrent density. J. versus reduced electric
0 field strength. E/i. for an e-beam sustained

0 discharge and for a UV sustained discharge in P

.,- argon with an admixture of 10 C2F6 .

sustained discharge approximately 350 ppm ..
dimethylaniline was used as an additive with a low

Z ionization potential. One would expect the onset of the .
w negative differential conductivity ko be more pronounced

if the source function decreases since the influence of

Z recombination is reduced [3]. According to Fig. 4 4he ,
W opposite is found. A significant difference between the

two ionization sources Is that the average energy of the
. electrons produced by the UV source is very low

0 5 10 15 ((( I eV) while the electrons produced by tht electron %
REDUCED FIELD STRENGTH (E/N)/Td beam have an average energy In the order of several ev. -

This effect. In combination with attaching gases. way
have a significant effect on the electron energy I

Fig. 3 Current density. J. versus reduced electric distribution function and consequently on the oriset of
field strength. E/N. for an e-beam sustained attachment with Increasing E/N (9). Also. the additive
discharge in argon with an admixture of 5% M2 . of dimethylaniline may contribute to a change of the
The source function i S 1.300 3 s- 1  electron energy distribution.

Interaction of Discharre and Circuit

drift velocity, however, seems to influence the Fast. repetitive transfer or power from an •
mgnitude of the current maximum at low C2 F6  inductive energy storage device to a load requires % 4P

concentrations since the characteristic for 0.5% C2 F6  detailed considerations of the circuit elements 0s
transmission lines. -Implying a high characteristic

shows a lower maximum current than for 2 C F Since Impedance a a fxed trast tmerlO]. '-
26 i ed
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Itf do spmcificswttch application requires a burst characterlstics measured with a 2 0 system and a 100 1)
of short pulses with a high repetition rat then the systm are shown. For the 2 Q system the steady state
indutor .o charged only once and the total length of values are obtained in less ttl 100 as. For tm 100-
the burst of pulses to in the order of the discharge system the E/P values are plotted for 75 ns and for
time of the Inductor. For this operating mode the 350 ns after electron bea initiation. The ionizing
inductor can be treated as a high Impatnce line and the electron beam hod a risettme of approximately 10 ns and
closing and opening processes have to follow the same a nearly flat maximum over a pulse length of 400 ns [7].
high I mpedane load line E3]. Figure 5 shows the The source function for these measurements again was
different Iea lines used and the experimental discharge 6 . 1.3.1020 m- 3 -. Figure 6 demonstrates that those
results achieved with these load lines. It becomes l 1. low o ig coditonsrhechan be
obvious that the current maximum can not be utilized low loss, low E/ operating conditions which can be
with a high impedance system in the repetitive mode. achieved with this high impedance system are reached

only after a long closing period. This behavior was
already predicted for W2:2o mixtures [3].

g. ""We. therefore, have to conclude that gas mixtures

2 which cause a negative differential conductivity in an
2. 2 OHM LOAD: * intermediate E/W range are most suitable for diffuse

2.S 23 OHM LOAD: discharge opening switches only if the system is
operated in a slgle shot mode (recharging of the

" 2.0 inductor after every shot). For a burst mode (several
" %s shots from a single inductor charging), however, the

Is %%closing process is obstructed and the maximum possible
%1.5 2 current can not be utilized. %

O Gas Mixtures With Two Attachers

i- 1 For fast repetitive operation a dise'harge

O.S characteristic is required where the current rises

strongly with E/N up to the operating point of the
0 •discharge in the closed phase. Above this E/f value the

current should stay constant or decrease slowly with E/N
0 5 10 15 over a wide E/f range to assure a high self breakdown

REDUCED FIELD STRENGTH (F/N)/Td voltage. Ternary gas mixtures can be used with cwo

attachers. with attachment cross sections at different

Fig. 5 Loadlines and current density. J. versus reduced electron energies, to produce such a flat

electric field strength. E/N. for an e-beam characterisitic over a wide ./N range and to achieve the

sustained discharge in argon with an admixture same increase of resistivity. The differences in the

of 2% CF 6 . obtained with different loadlines. magnitudes of the cross sections have to be compensated
by using appropriate concentrations of the different gas
components. The results with-a mixture of 49% argon.
49% C 4 . and 2% C2 F as an example. are shown in

The closing process Is obstructed even for Fig. 7. The discharge characteristic demonstrates that
operating conditions for which the discharge can reach a
low loss. low E/N state, since the closing process N 3.0

starts at high values of E/W where attachment is strong. E
This behavior is demonstrated in Fig. 6. The u 2.5

C%
.3.0 0 00

2 2.5 '2OHM LOAD AT 75 ns:o - .5

[100 OHM LOAD AT 75ns:a a-
4 2.0 100 OHM LOAD AT 350 ns:o

.Z 1.0

1.5 -•
z 0.5

1.0 0.0
Wu 0 5 Ic

0.5. REDUCED FIELD STRENCTm (E/N

U Fig. 7 0irrent density. J, versus reduced c€cctric
0field strength. E/, for an e-bea' su-tmmned

0 5 10 15 discharge in a mixture of 491 argon, 4')! CT

REDUCED FIELD STRENGTH (EIN)/Td and 2X C . The source functIo"

Fig. 6 Qarrent density. J. versus reduced electric S * 5 3-1020 cm 
3 
s

1

field strength. E/N. for an e-beam sustained

discharge in argon with an admixture of 22 C2 F6 .

obtained at different times after *-beam a flat portion over a wide E/W range Is possible

initation and with different loadlines. (2.5 -10 Td) Above 10 Td the current denilt derc.o6ragain, ensurin high electron losses durtr. s- t,'

opening The m,.ximom current densl &Ir1c' 1%
spproxitmtely time suiw as ror Ar and C 2; ''

Pd
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iments with th sme electron beam current (se eharacterlstics. measured with the same energy

Fig. 1). It should however be mentioned that due to the deposition of the electron&.bem into th_ gas. -

different values of stopping powers, the source function demonstrate a significant increase of the current

mes four times higher in Ar-C 4 mixtures than in Ar. density if the Penning additive was used. -
For the evaluation of the -value we concentrated

mint Ionizationl Ternary Gas Mixtures on the recombination donimated regime between I Td and
3 Td. Here the rate equation for the electron density

The source function. S. of an electron beam as the ne . becomes:

external ionization source is inversely proportional to
the so called W-value. I" which is the average energy dn /dt a S - k n 2 = 0 (2)

required to produce one electron-ion pair: 
e r e

with It r being the recombination rate coefficient. With

Jb(e I the additional equation for the discharge current
densi ty. Jd:

where dW/dx is the spatial rate of electron beam energy

loss in the gas and *b is the electron beam current - ngeuE (3)b sal id e re

density. This V-value is usually in the order of twice
the ionization energy of the gas, which means that ty and E the
approximately half of the energy, transferred- from the e

electron beam into the gas Is converted into excitation. field intensity. using Eq (1) we get a relation for

This excitation energy has to be considered as a loss J(L'N) with the V-value as a parameter:
for devices which only utilize free electrons, such as
diffuse discharges. for switches. It has been suggested (UN) (4
that a fraction of this excitation energy can be b)/kr) e(I
recovered for ionization by using Penning additives
[11]. Measurements in gas mixtures of argon and C2 F6 . In the UN rage considered. 1-3 Td. the electron

for example, showed a significant decrease of the mobility. p. of argon with 2% C2F6 can be considered to

-va lue if sall admixtures (O to Z 10%) of. for be constant [12). Neglecting the UN dependence of the

example. C2H2  were used. These experiments were recombination rate coefficient. It. we get from

performed in an ionization chamber with an alpha source Eq. (4):
1at a very low source function.

To investigate the applicability of these dJi/d(E/ ) a (W ,1/
2  (5)

measurements for opening switches we performed electron d
beam sustained discharge experiments using the saJe gas

mixtures. In Fig. G. curves a and b show a comparison Comparison of two measurements, one without the Penning

of the steady state discharge characteristics for argon additive and one with nX C2112 allows the evaluation of

2% C 2 F 6 and for (argon *2% C 2F6) X C2"2 The two the value. V n . of the mixture with nI C2 112 :

(d /d(E/N)) ..

N 2V o 2d (6)

(d 'd/dEN))P

W. is the -value without the Penning additive. The

results of this evolution using the known value

b O = 27 eV for argon plus 2% C 2 F I 6 11 are plotted In

Fig. 9 and compared with the previous measurements.
Fig din both experiments

dependene of the V-value on the percentage of was

U) observed in the range from 0% to 5% C If2  It should be

- mentioned . however, that the error in our measurementy

o is in the order ofr due to the reproducibility of the
ar O,% discharge experiments. '.

0 ~A comparison of curves a and b in Fig. 8 also shows w'

Ua significant Increase of the dischArge current'-dcnsity ,

in the attachment dominated regime above 5 Td when the

0 -- ~--~~" Pennin; additive was used. A similar anlysis in this

0 0 ] i. regime to evaluate the V-value has failed to give

any reasoyable results. We therefore conclude that the

Penning additive interferes with the attachment related

REDuID FIELD STREtN4TH (E/N) /Td processes, Further investigations are necessary to

explain this behavior.

Fig S Orrent density j vetsus reduced electric

field stre',gt' L/N. for an e- ea sustained
dlsr ..sge in argon with 22 C21 The source

function is S I 3-10 
0 cm s Where (a)

has no Penning additive an (b) has 5% C2H

added

............. .... .•,,_. '/ ... ,'. . ....... '<..../' '.., ...
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NE1THANE-ATTACHER MIXTURES IN AN FLF(TROt' BEAM I !JNTR)I f.: -
DIFFUSE DISCHARGE OPENING; SWITC0i-

G Schaefer R A Korzekwa arid M kr is f ariser,

a Weber Research Institute. Polytechnic University

Farmingdale. NY 1l7--31, ,

ON Dept of Electrical Engineering. Texas Tech Univ

Lubbock. TX 79409-443'

For a diffuse discharge opening switch a gas mintire contai rn r it

attaching gas has to be used in order to reduce the rle. tron njmtm--
density rapidly when the switch opens at an in(reasing val;je of i/N'
During the low E/N conduction state the attachmenit rate .ho';d he ,,,

Gas mixtures containing -irgor, or methane ((1A4 ) and the Attahe-s
Freon 116 (C F ) and Freot 14 (C have been suggested III Previ,,.
experiments how that gas n vtures of argon with the above mer, itir-',:
attachers have the inherent problem of a low dc L/N hreakdowTj lim, at,'

an even lower glow-to-arc transition E/' limit [21 Me~thine la'ied

mixtures were investigated in ax. attempt to eliminate these prohr'+ ..
The steady state current density. J. versj,, rediied ee ri fl.,

strength. £11N. c'aracteristics for combination% of gas mix!,ifr.S (or,

taming methane and Q0 attaching gas are shown it, Fig I and FIX '

Figure I shows the curve for 1(X)% methane which has a high current
density maximum but at a rather high value of F/S wtih si Er, ifiar 1, s.fi '

increases the power losses The other curve showy, In it 1 is for
98% methane + 2% Freon li The addition of Freon 11 fgeatiV dee'.,, "
the maximum current density, bwt the maxiimim is also shifted to a ,l,-'
value of E/N which helps to reduce power losses in the switch

In Fig 2. the J-L/N characteristirs of mi-xiure% of metane ayd
Freon 14 are compared Again the addition of Freor 14 Wreaftiv roe',1c- '%
the current density maxifmim In the low L/N rante butth ","%X "w'u.,he

50% Freon 14 and loXI% Freon 14 are e4sentially the ame Again thr'

current density mawximum is shifted to a lower _/N reiV ot, thrgkjtt. It.-

addition of the attacher

Gas mixtures using two nttachers allow the I f/% cara ,er..
be shaped over a wide F/N runge igijre 4 show, the J-FiN utIraf it-
istics for mixtures of equal fractions of wth6ane and Frer, 14 w.,
varying Freon 116 fractions TLe best mixkire for opertiK Sw,'.-

operation is the mixture with 2% freon ll1, since the crrer., der..i , ,
maximum is the highest and at the lowest valuie of [-/N-

In conclusion we find that the J F'/N (a ra( trer i ,i . of me-h' s".
based mixtures containing at tahers can be sha-wd to fi if, i the
requirements for a good switch gas The methar hn..ed mixt.res n,..."

have a much greater dc E/N breadown limi tOun argo ht sed mwil ke.

which increases the voltage operation range '

This work was jointly sipported by Ait9k/AR()
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Fig I Current density, J. versus reduced clectric field strength. N.
for ne-bea sustained discharge in (i with admixtures of C 2F
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A, 1 C*0-1002 CF4  do
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Fla 2 (urrenit density. J. versus reduced electric field strength. E./N
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Fig 3 Current density. J. versus reduced electric field strength. E./N.
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THE INFLUENCE OF N2 ON ARCON BASED CAS MIXTURES FOR AN ELECTRON BEAN CONTROLLED DIFFUSE DISCHARGE
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Inzroduc ton

The key technological problem in devel- It has also been shown that the addition

oping induct ive energy discharge systems is of a small percentage of N2 to argon in-

the development of opening switches [I]. creases the drift velocity at low values of

Promising candidates are electron beam sus- E/N [6]. This effect is based on the fact

taied diffuse discharges [2]. The switch that at low E/N, vibrational excitation of N2

opens -hern the electron beam is turned off. keeps the electron energy distribution within

:n order to achieve short opening times, the the Ramsauer minimum of the elastic scat-

dominrar.t ass process must be attachment. tering cross section of argon It was

BoI .Uw forward voltage drop and fast therefore suggested to use mixtures of argon

open.ig car, only be obtained by choosing with both admixtures of attachers and N2 to

gases or gas mixtures which satisfy the fol- improve the performance of the switch [7]

owirg corditions The following results demonstrate the

( For io- values of the reduced field influence of these admixtures on the dis-

streng:h /N (conduction phase), the gas charge characteristics

mixture sho-ld have a high drift veloci y.

vd  and : artachment rate coefficients. I, esul s t s

(2) For high E/N values (opening phase) The first set of experiments ut tized %

the gas tri ture should have a low drf t C2 F as the attacher A gas mixture of Ar *

ve;oc i ar. h:-, it 1. m, Ir.t raIe cocffI- 2% C F as seen in Fig 1. generates a j-E/N
2 6

c :eT characteristic that fulflls the requiremerts

S.Ch gas properties cause a discharge ior an opening switch The N5 regior. is

characteristic (current density j versus 5 '.

reduced e.ectIrc fe:d strength E/N) w il, a s /

S rt C I r.egat 'e differential corduc ivi ty -4 "

Argur. based gas mixtures containing 3 ~O~*~
att3c r ers s,.c!. as C 2F and CF have beer, 0-A- Z s : ;.

suggested as s-I tch gases which fuifi iI the 2 r " -

abo. P mert. , or. ed requlremerts [3 r At, I . x, , -

ind c tl e er, e.r slorage system has a hIgh

characteristic impedance and requires a J-L/N

chrcterist ic with a small (NDC) region Ir, 6 -"i,-,.-- -------

order to avoid the obstruction of the closing C

process in a repetitive opening switch rs RE.JzED FIE-C STRE;W ' i "

Such a J-E/S characteristic would have a high Fig I Current density. . versuS reduced % 5/

current densIIy at a low E/N and a slo.ly electric field strength. E/N. for a, %,%

decreasing curret, density with Increas&.jg electron beam sustained discharbe ii,

E/N thereafter Gas mixtures of argon and mixtures of Ar. C 2 F6 . and N2

t wo at tacthirg gases -wIit. attachment cr o&s
:cc I I rlos. S di f e es. th o tt engies cro s produced by the onset of attachment at aP-

at proximatel) 2-3 Td Figure I also shows the

beet "sed to produce such J-L/1 charace 3-F/N characteristic for Ar t e rl.-ch

is! ics confirms tha I I tI, NIC ItI he Ar * % ., ,

% % %
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mixture is Indeed due to the onset of at- 5

tach ent. The decrease of the slope of this 0-49 Alr 42K U *X C2F6

curve above I Td indicates that the electron • £-465.ZA 4.5X.1 CFnC 2F6 5%N 2

mobility has a higher value below 1 Td.

Next. experiments were performed with a gas -. 5

•3
mixture of Ar + 22 C 2 F6 # 5z 2 The J-E/H4 ~
characteristic has essentially the same shape 2

as the characteristic of Ar * 22 C2 F6 : 2

however, the current density. J. is signif-

Icantly higher for all values of E/1. These

results demonstrate that both properties.

attachment rate coefficient and drift veloc-

ity. can be optimized through different gas REDUCED FIELD STRENGTH (E/N)/To

add itIves.
Fig. 3 Current density. J. versus reduced

Argon based mixtures with two attachers. electric field strength. E/N. for an

which are useful in a high impedance induc-

tive energy storage system, and the influence electron beam sustained discharge in

mixtures of the same fraction of Ar
of W2 In these mixtures were also Investi- and CF 4 . with C2F and N

gated. The discharge characteristic for a and

mixture containing Ar * 2% C2 F6 * 20% CF 4

with and without 51 K2 are shown in Fig. 2. the drift velocity as known in mixtures of

5 just argon and N2 %-

0-782 AP * 203 CF4 * IX C2FS
44 A-7 Ar * 1 CF4 * .2 C2 F6 5% N2 Conclusions

Cas mixtures containing argon as a

'3 buffer gas and an attacher, such as C2 F6

3and/or CF are useful in diffuse discharge
a opening switches. An addition of a small

percentage of M2 increases the current den-

sity in mixtures with high percentages of VA

argon. This effect is considered to be the

consequence of increased electron drift

5 15 velocity. The increase in current density at

REDUCED FIELD STRENGTH (E/N)/To the operating point of the switch, high J at

Fig. 2 Current density. J. versus reduced low E/N. reduces power losses in the switch P.
electric field strength, J ve . for an which is an important factor in a practical

electron beam sustained discharge in opening switch. 5

mixtures of Ar. CF C2 F6 . and N2.

Ackn- ledrement

This work was supported by NSF under

Again we see that the shape of the curve isunder

essentially unchanged but the current density contract 64-0032.

increases when M2 is added. The relative

current density increase however. is smaller

than in the case of the mixture of Ar * [1] K, H Schoenbach. N Kristiansen. and C
Schaefer. 1964. Proc IEEE. 7. S.

2Z C2 F6 . as shown in Fig. I. The discharge 1019-1040

characteristic for a mixture containing argon [2) C. Schaefer. and K. H. Schoenbach. 1966.
IEEE Trans. on Plasma Scl . PS-14.

and CF 4 at equal concentrations. 2% C 2 F6. and 561-574.

01 or 5I 2 was also Investigated. as shown (3) C. Schaefer. K. H. Schoenbach. KKristiansen. B. E. Strickland. R. A.

in Fig. 3. The discharge characteristics Korzekwa. and C. Z. Hutcheson. 1966.

show that the addition of 12 increases the Appl. Phys. Lett.. U. 1776-1776
2 (4) S. 3 Hunter. J. C. Carter. L. C.

current density only in the [/4 range below Christophorou. and V. K. Lakdawala.
ITd. The maximum current density remains 1984. Proc. 4th Int. Symp. on Caseous

Dielectrice, 224-237.

nearly the same. (5] C Schaefer. K. H Schoenbach. N.
The effect of W2 decreases with de- Kristiansen. R. A. Korzekwa. and C. Z.

Hutcheson. 1986. Proc. of 17th Power

creasing argon concentration in the buffer Modulator Symp. 66-90. e
gas. Ths result indicates that the Influ- (6) P. Burrow. !986. Private communication. e

(7) C. M Haddad. 1983. Aust. J. Phys.. 1k.

ence of N2 is in fact due to the increase of 297-303.

* . .. ••* * % ' .% -. ' • .- •o



83
To be published in 1987
Gaseous Dielectrics V Appendix K
L.G. Christophorou 9ed.)
Pergamon Press

PENNING IOIIZATIOI TERNARY GAS NIXTURES FOR DIFFUSE DISCIARGE
OPENING SWITCHES

C. Schaeferm. K. H. Schoenbachw . R. A. Korzekwa " *, and N. Kristiansenw
,

w Weber Research Institute. Polytechnic University.
Farmingdale, NY 11735-3995

-"Department of Electrical Engineering.Old Dominion University.

Norfolk. VA 23508
Department of Electrical Engineering. Texas Tech University.

Lubbock. TX 79409-4439

A3STRACT

Electron beam controlled diffuse discharges are promising candidates for high %
power opening switches in inductive energy storage circuits. In order to achieve
short opening times when the electron beam is turned off. the switch gas mixture ..
must contain an attacher. Ternary gas mixtures using a Penning additive in a
mixture consisting of a buffer gas and an electron attacher can increase the .1

switch efficiency through optimization of the ionization efficiency of the 3
electron beam. The Penning additive, however, also decreases the breakdown
voltage of the gas mixture. This paper presents experiments demonstrating these
effects.

IYWORDS b ?

Opening switch; high pressure diffuse discharge. electron beam control, gas
properties; Penning ionization.

INTRODUCTION"

Electron beam controlled diffuse discharges are promising candidates for high
power opening switches. In order to achieve short opening times when the electron
beam is turned off. the gas mixture must contain an attacher. Both low forward
voltage drop and fast opening can be obtained by choosing gas mixtures with a low
attachment rate coefficient and a high electron drift velocity at low ./N, and a
high attachment rate coefficient and a low drift velocity at high E/N. The
optimization of gas mixtures with respect to these properties has been described
in many previous papers. A review is given by Schaefer and Schoenbach, 1966. A I
further improvement of the switch efficiency by using Penning additives was first
propsed by Nakanishi and others in 19&5. The loni7zation efficiency of an electron
beam Is determined by the W-value of the switch gas. V is the average energyj
required to produce one electron-ion pair During the energy deposition of the ."
electron beam in the gas. approximately half of the energy absorbed is converted
into excitation. The W-value is, therefore. usually in the order of twice the
ionization energy of the gas. The excitation energy has to be considered a loss

~ ,* .* .,. .. . . . . .. -,- . ...
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for devices which utilize only free electrons for conduction Penning Ionization %

can be used to recovr part of this energy by introducing a small amount of gas

with a low Ionization energy. which is lower than the energy of the dominant

excited states present in the discharge

Recent papers (Makanishi and others. 1965. Reinking and others. 19M) demonstrates

that a decrease in the V-value of the gas occurs in mixtures of argon and an elec- .
tron attacher such as freon 14 (CF ) and freon 116 (C2 F 3. with acetylene (C H).)

as the Penning additive Gas aixures of Just argon aJ' freon 116 have alrLy .3

proven to be suitable switch gases for specific modes of operation (Schaefer and

others.1996) We therefore performed experiments with Penning Ionization ternary

gas mixtures using the electron beam sustained diffuse discharge experiment

described previously (Schoenbach and others. 1965) These experiments provide

information as to whether the behavior of the gas discharge is influenced by the
additive of acetylene only through the change of the V-value or also by other
properties of the additive

DI SCIARCE CHARACTERIV I CS %

A first insight into the specific properties of a gas mixture used in a diffuse

discharge switch is given by investigating the steady state discharge characteris-

tic All experiments were performed with a mixture of W% argon and 2% freon 116

and acetylene as the Penning admixture with varying concentrations Figure I .

shows as an example two J-L/N curves, one without acetylene and one with

S% acetylene The geteral shape of the curve without acetylene is mainly a result

+ 1 C, 0". C 2 .2.2 ,

C

4 . . ,C

RE DuCLD F If LO THL1-"4,T 4 IE N , TO .
Fig I Ourrent density. J. versus reduced electric field :%

strength. LIN. for an e-be1 sustained discharge

admixture of acetylene The variable pa~rameter Is
the acetylene fraction", .,

,.-

of the attachm~ent properties of this gas mixture. The attachm'ent coefficient has
a threshold at approximately 2 5 Td and increases with E/ (Hunter and others..e''
1964). Below 2.0 Td the discharge is recombination dominated and J Increases with .j

L,/N!. The onset of attachm~ent generates a negative differential conductivity above

%.. 6.,I, ,..
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2 5 Td a the discharge becomes attachment dominated. The addition of acetylene
clearly Increases the current density. and this effect seeme to be larger in the
attachment dominated regime

DISCH4ANa ANALYSIS

To evaluate the influence of the Penning additive on the discharge character-

Istics. we have to evaluate the conduction properties of the discharge. The
current density of the electron beam sustained discharge. J. depends on the
electron number density. ne. and the mobility. pe' according to

J an E. ()

where both n and a are functions of E/N. and -e is the charge of an electron.

The rate equItion fAr the electron number density. n. is

dn /dt . S * kI n M4 - kr n n -k n N (2)

where S Is the electron beam source function. k Is the Ionization rate coet-

ficient, k is the recombination rate coefficieAt. k is the attachment rate

coefficieni. n is the positive Ion density. M is the tLai number density. and Na
is the attacher number density. For externally sustained discharges. ionization

through the discharge electrons can be neglected (ki=o). The source function. S.

for the electron beam Is given by

S o Jeb(d /dx>/eW (3)

where J-h is the electron beam current density. (dt/dx) is the average electron
beam ene ?y absorbed per unit length. and W is the average energy needed to create

one electron-ion pair In the gas. %

It is convenient to analyze those regions of the steady state discharge charac-

teristic separately In which only one electron depletion mechanism dominates.

recombination or attachment. In the closed phase (low E/I) of the switch the

discharge is recombination dominated (ken 0 and nn hn) so that Eq. (2) becomes

r * r
2.-0 or n 1/2 k~e
2

Sk3()r

The current density then becomes
a• r

'I

In the open phase, the discharge is attachment dominated, and Eq. (2) becomes %.P%

S - n N a 0 or n a S/(k ) (6)
Saea a a

The current density then becomes

J r eS/k a Na E (7)

THE INFLUENCE OF THE W-VALUE

The two regions of the J-E/N characteristics, the recombination dominated and the

attachment dominated region, can also be used to evaluate the influence of a %

Penning additive. The method chosen here is to assume that the W-value chanes

%~ % -
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with the percent of the Penning admixture and that the other properties such as
mobility. recombination coeffisient. and attachment coefficient remain uncharged.

at least in a certain range of /N. as long as the fraction of the Penning

additive is low. With this assumption we can find an expression for the V-value

for a given gas mixture. Comparison with the correct values measured previously

(Nakanishi and others. 1965; Reinking and others. 1986) will then show whether

other properties of the discharge are changed at the same time. In the

recombination dominated region we use Eq.s (3) and (5) to gain an expression for

the switch current with the W-value as the variable parameter.

J = ((e(d./dx>J b)/k r ) 
1 /2PN( - 2(/ ) ()

Since the discharge characteristic is linear from 0.5 to 2.0 Td. we can use the
slope of J(E/N) to determine the variation in the W-value of the gas mixtures.

dJ/d(E/N) a (W)-1/2 
(9)

This relationship holds if the EN dependence of IA and k are assumed negligible
in this region of E/N. The W-value for argon * W5 freon 116 is known to be 27 eV
(Makanishl and others. 1965). and the ratio of the W-value for nX and 0% acetylene
can be obtained from Eq. (9)

2 2
W - W, [(dJ/d(E/N)) /(dJ/d(E/N)) (10)n n d

In the attachment dominated region we can use Eq.s (3) and (7) to get again an
expression for the switch current with the W-value as a variable 

parameter. %

J - [ jebd#, eN/kaNa)(W) - (E/N)

where k and is are both functions of E/N. Choosing a suitable constant value for %
E/N we Igain gt an equation for the ratio of the W-values for n% and 0% acetylene

Vn " W(J/J) " (12) %

where W is again the known W-value for Ar * 2 freon 116 + 0% acetylene.

Figure 2 shows the evaluation of Eq. (10) in the recombination dominated regime.
Although the values for W for low acetylene concentrations seem to show a trend
similar to the directly measured values by Nakanishi and others in 1985. there is
a clear discrepancy which becomes especially severe for higher acetylene -.
concentrations. The deviation Is considered to be minly the consequence of the
influence of the admixture of acetylene on the drift velocity. Both. freon 116
and acetylene, as low concentration additives to argon, generate drift velocities

with a maximum at low values of E/N. A maximum at. for example. 1.5 Td is
achieved with approximately 2-5% freon 116 (Hunter and others. 1984) or
approximately 5-10% acetylene (Cristophorou and others 1979). A further increase
of the admixture concentration will again decrease the drift velocity. We
therefore conclude that the admixture of acetylene to the mixture of 9S% argon and
2 freon 116 increases the drift velocity up to a concentration of approximately
5% and then decreases it at a higher concentration. The important result for
switching applications is that the current maximum at low values of E/N can be
increased by up to 252 using a few percent of acetylene as an additive.

In the attachment dominated regime, there is an increase or the current density of
at least a factor of 3 in the U/N range between 5 to 10 Td which is too large to
be associated with a change of the W-value. Here the increase of the current
density is dominated by the change of drift velocity.

6N~a -%'V
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Fig. 2 W-values for a mixture of 98 argon. 2% freon 116.
and an admixture of acetylene versus the -%
concentration of acetylene (-. 0" from Nakanishi
and others. 1985: 0 evaluated from discharge
characteristics using E.q. (10)). %

SELF BREAKDOWN LIMIT OF E/N L

The voltrage •ccross an opening swi tch In an Inductive energy storage system
Increases significantly when the switch opens. The efficiency of such a circuit"'"

"p."

depends of the ratio of the maximum voltage drop after switch opening and the ".
voltage drop during condution. The self breakdown value of E/N should. therefore. "-

be as high as possible since the operating voltage always has to be kept well
below self breakdown to avoid arcing. :

We. therefore. performed measurements of the breakdown characteristic of the sam
ternary gas mixture using the sa of experimental setup. The 6 v.lue at

breakdown. depending on the fraction of the acetylene admixture In percent. Is
shown In Fig. 3. We can see that an admixture of only 0.5% acetylene

significantly decreases the breakdown value of E/ from 42 Td to 24 Td. A further
Increase of the acetylene concentration will again Increase the breakdown limit
but not enough to compensate for the initial decrease.

Penning ionization gas mixtures can be used to increase the Ionization efficiency

of electron beams and consequently to increase the current density of electron%
beam sustagned discharges for opening switches during the conduction phase at ow

E/N. Experiments were performed in gas mixtures of 96%1 argon and 2% freon 116
with admixtures of the Penning additive acetylene. The current density maximum
could be ncreased significantly This effect is considered to be combination
deesof the r of th-value and an increase of the drift velocity. a t

The ddmixture of the Penning additive also reduces the breakdon voltage of the
diffuse discharge switch siifcantly. This decrease of the breakdown limit very
possibly outweighs the advantage of the decreased W-value for applvcations In

bpendin switches.

show inFig.3. e ca se tha anadmxtur ofonlyO.S aceylee .
==._ / Z-'. 4.'. significantly,, ',,". derae the% , breakdown, vale o " UN from,'..' 42 'I'd to' 2.4- "d.'. A -further .. "".'. . " .
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Fig. 3 E/N at breakdown for a mixture of W% argon.
2% freon 116. and an admixture of actylene versus
the concentration of acetylene.
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ABSTRACT'

The electrical characteristics of gas mixtures for an electron bea-

controlled diffuse discharge opening switch are presented In an

opening switch an attaching gas must be used to obtain a fast opening

time in a diffuse discharge. Two different types of gas mixtures are

considered in the process of optimizing the gas mixtures used in the

switch. The first type of gas mixture utilizes one attaching gas. C Y

or CF4 " The other type of mixtures, ternary gas mixtures, utilizing two

attaching gases. both C2F6 and CF 4 and are ued in the optimization

process for repetitive switching in an inductive energy storage system

Recommendations are made for the gas mixtures to be used in single shot

and repetitive opening switches for inductive energy storage.

'-I
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I NTROOIXT I ON V

Pulsed power systems utilizing inductive energy storage systems

require the developement of repetitive opening switches in order to 'nii.e

this type of energy storage a realistic alternative to capacitive energN

storage [1] An electron beam controlled diffuse discharge is a

candidate for the opening switch The results presented here were V

obtained using different gas mixtures in an electron beap controlled .5",

opening switch

In order to optimize the gas mixture used in at electron, bea"r

controlled opening switch, several processes that take plate it, the

discharge must be taken into consideration, such as ion zat ion.

excitation. recombination. attachment. and elastic collisions A14-

these processes contribute to the charge carrier balance and the

transport properties of the carriers, and therefore can be utilized in

the optimization process ior the repetitive operation of such a switch

.both the opening and closing phases have to be considered when

optimizing the switch gas

In order to produce short opening times in an electron beam .4

controlled discharge, an attaching gas must be used. Using previous

research [2] to determine how the attachment rate coefficient. k , anda

the drift velocity. Vd. vary with the reduced electric field strength,

E/N. for a variety of gases leads to a list of candidate gas mixtures to

be tested in the switch. The optimum attachment rate coefficient. k ,
a

• • o _ • • . ~ ~~~. . . . . . ........... .. ..... ", oo , o ° ••-"•". , . . . -. , .o.o
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for the gas would be low during the closing phase of the switch (at low

E/N) and high during the opening phase (at high E/N). as demonstrated in

Fig. 1. Also. the drift velocity. vd. would conversely be high during U

the closing phase and low during the opening phase.

Using the processes mentioned above to optimize the discharge and

also taking into account the external energy storage circuit, the

optimum switch current density. J sw versus reduced electric field

strength. E/N. characteristics can be obtained for the switch discharge.

The gas mixtures that were investigated had one or two attachers.

EXPER IMENTAL SETUP

The experimental setup consists of an electron beam pulser, a

discharge chamber, a pulse forming network (PFN) used to drive the

discharge. and various diagnostics used to monitor the system. As showT.

in Fig. 2. the electron beam chamber is below the discharge chamber.

The electron beam must penetrate two foils in order to reach the gas i7.

the discharge volume and produce the necessary ionization for the

diffuse discharge which is used as the switching medium. The electro,

2
beam is generated by a high vacuum 100 cm cold cathode (actuallv a.

unheated dispenser cathode) [3].
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INFLUENCE OF ATrACHERS ON THE DISCHARGE

CHARACTERISTICS

In order to obtain fast switch opening times, an attaching

(electronegative) gas should be added to the buffer gas in the switch

(4]. A high attachment rate coefficient at the high E/N range implies

that the electron attachment cross setion should be large at high

electron energies (a few eV). The electron attachment coefficient is a

function of the electron energy distribution, f(e.E/N). expressed as

a'

ka(E/N) -- 12m /jo Ce -/~ /2a ( .d.,( '1' ,'l

where a (e) is the attachment cross section as a function of electron%.
a %

energy and m is the electron mass [5]. Since f(e.E/N) shifts to higher

electron energies for an increasing E/N. the attachment rate increases

with E/N (shaded area). as shown in Fig. 3. It has been suggested that

C3F S C2 F6 . CF3OCF3 . and CF4 are candidates for attachers to be used in

the gas mixtures, since they have significant attachment cross sections

at higher electron energies (> 1 eV) [2]. Of these attachers, only C2F6

and CF4 were used. since only with these gases is attachment produced in

the energy range of interest.

The J -E/N characteristics of the electron beam sustained
sw

discharge is dependent on the electron number density, ne. and the drift

velocity, vd. as seen by the expression

Js q(ned v (2)

om-ud
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where both ne and vd are functions of E/N. and q is the charge on an

electron. The electron number density rate equation is

dn = S - kr(ne)2 kaneNa (3)

where S is the electron beam source function. kr is the recombination

rate coefficient, k is the attachment rate coefficient, and N is the
a a

attacher number density. The steady state equation is

f -k(n) - k neNa = 0 (4)

During the closed phase (low E/N) of the switch the discharge

should be recombination dominated so that Eq. (4) becomes

2 1/2
S =k (n or n =(S/k) (5)

From Eq's. (2) and (5) it is seen that vd should be large and kr should

be small in this region of the discharge in order to achieve a high

current density at a low E/N.

When the switch is in the open phase, the discharge should be

attachment dominated, such that Eq. (4) becomes

o"i
5%

S = kaneNa  or ne = S/(kaN) (6)

Equations (2) and (6) imply that during the opening phase of the switch N'

%.
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vd should be low and ka should be large in order to obtain a fast

opening time and high voltage hold-off in the gap.

During switch conduction a high gain is necessary to achieve a high

efficiency. Unfortunately, as the source function increases (an

increase in ne) the recombination rate increases by ne2 thus reducing

the current gain. Because of this, there is a trade off between the

gain and the maximum achievable switch current density for a certain gas

mixture.

,'I

GAS MIXTURES WITH ONE ATrACIER

Gas mixtures containing Ar (or CH4 ) and a small percentage of C2F0

satisfy the requirements for vd and ka versus E/N. Therefore.

experiments were performed under steady state conditions of the electron

beam sustained discharge to determine the Jsw-E/N characteristics for

these gas mixtures.

Experimental Results

The first experiments were performed using pure and binary gas

mixtures in the switch and the steady state electrical characteristics

of these mixtures were measured. Other important parameters that were

measured are the glow-to-arc transition (if any), the dc breakdown

limit. the source function. and the switch gain of the gases. The

system used in these experiments had a low series impedance of 2 0. ,..,

-
o  

I
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The experimental p-E/N characteristics for mixtures of Ar and

different percentages of C2F6 are displayed in Fig. 4. These results

show that at the low E/N range the resistivity is low (low power losses)

and at the high E/N range the resistivity is high (faster turn off

times). These are exactly the types of characteristics needed for the

opening and the closing phases discussed previously. Figure 4 also

shows a region of strong negative differential conductivity (NDC) from

3-5 Td. This region is demonstrated more clearly in Fig. 5. showing a V.

reduction in current density for an increase in the E/N. Figure 5 also

shows a current maximum for each of the characteristic curves in the _/N

range of 2-3 Td. From this it is seen that Ar + 2% C2F6 has the highest

current maximum. Since this mixture has the lowest power losses during

switch operation it is considered the optimum mixture among the Ar-C2 F6
2 6.

mixtures. The Ar + 0.5% C F mixture has a lower current density
2 6

maximum due to a decrease in the drift velocity in this mixture as

compared to the drift velocity in the Ar + 2% C2F6 mixture at this E/N

[2].

In order to determine whether the NDC region of the Ar-C2 F 6

mixtures is caused by the onset of attachment or the Ramsauer-Townsend .

minimum in the electron scattering cross section of Ar [6], an .

experiment was performed in Ar + 5X N2 with the results shown in Fig. 6.

Although Fig. 6 clearly shows the change of the differential discharge

resistivity at Z 1 Td there is no NDC region in this mixture and.

therefore, the conclusion is that the onset of attachment is the primary

cause for the NDC region in the Ar-C F mixtures.

2,.6

-r5



It is known that the addition of a small percentage of nitrogen to

argon increases the drift velocity significantly in the E/N range of

interest [7]. [8]. Therefore. the Jsw-E/N characteristics for the

mixture 93% Ar + 2% C2F6 + 5% N2 were also measured. Figure 6 shows a

increase of the current density maximum due to the addition of nitrogen,

but there is also an increase of the current density in the attachment

dominated region of the discharge (high E/N) which is larger than the

increase in the recombination dominated region (low E/N). Therefore the

change in resistivity from the low E/N conduction state to the high E/N

open state is not as large with the addition of N to Ar + 2% C2F6 .
2 26

Gas mixtures using CH4 (methane) instead of Ar as the buffer gas
4A

were also used in the discharge. Figure 7 shows the results using these

mixtures. Pure CH4 has the highest current maximum obtained thus far,

but unfortunately this maximum occurs at a high E/N and would.

therefore, produce significant power losses. The CH-4 + 2% C2 F6 mixture

has a current maximum at a lower E/N but due to the attaching gas the

maximum is much lower than for 100% CH4. The CH + 2% C F V,

characteristics also have a slight NDC from 5 Td and up, which can be an

advantage when used in an inductive energy storage system.

Figure 8 shows the J sw-E/N characteristics of mixtures containing

CH4 and CF 4  The first part of the 100% CH4 characteristics are again

plotted for a comparision with mixtures containing CF . The 50% CH +

50% CF4 mixture does not reach a current maximum until at least 15 Td.

The operating point, however, would be at approximately 3-4 Td. the

first change in the slope, where the power losses are low. Also shown

in Fig. 8 are the J -E/N characteristics for 100% CF The operating

sw 4

A
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point is idential with 50X 0H4 + 50X CF4 and since lOOX CF4 has a

higher resistivity at high E/N range it would be the better gas of the

two to use in an opening switch

The glow-to-arc transition E/N limits and the dc E/N breakdown

limits were measured for all gases. The Ar-C2F6 mixtures have an upper

E/N limit at which a glow-to-arc transition instability occurs. This

E/N limit increases for an increasing concentration of C2F6 in Ar. No

such instability was observed in the CH4-based mixtures. The M04 based

mixtures have a much higher dc E/N breakdown limit than the Ar based

mixtures. The Ar-based mixtures have, by far, the lowest limit, due to

the small amount of attaching gas in the mixtures. For all of the

mixtures, an increase in the amount of attaching gas always increases

the breakdown limit.

EFFECTS OF THE CIRCUIT ON THE

DISCHARGE GIARACTERISTICS

When treated as a transmission line, an inductive energy storage !

system would have a high characteristic impedance [4]. Therefore, the

ideal J sw-E/N characteristics of a switch needed In such a system can be

constructed, using the appropriate criteria. It will be shown that the

proposed J s-E/N characteristic is important, especially for repetitive

operation in a burst (several pulses. _ 100 ns long each, after one

charging process), where both the opening and closing processes of the

switch must be taken into consideration. 'S

r .,..,... \ -, .M'" ' "'" " ' "s " "¢sJ . , .'.w 'm'"".' ," '"' wUQs
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Since a high impedance system is of interest, it is helpful to look

at a plot of the Jsw-E/N characteristics with high and low impedance

loadlines, as in Fig. 9. These loadlines are derived from the current

and voltage of the switch gap, and in this particular switch, the E/N

(in Td) is approximately the same as the voltage (in kV) across the

switch. A low impedance system is used to measure the full

characteristics of the gas mixture in the system, while the high

impedance loadline is a more practical representation of the system.

Referring to Fig. 9, the mixture of Ar + 2% C2F6, the high impedance

system would produce an obstruction of the closing process since the

current maximum could never be reached at the low E/N state. Also it is

expected that, since there is a high attachement rate at high E/N, at

the beginning of the closing process it would take longer to reach the

steady state maximum in this high impedance system. From this we

conclude that. as seen in Fig. 10. the ideal Jsw-E/N characteristics

would have a high current maximum at a low E/N and a gradually

decreasing current density as the E/N increases until breakdown occurs

at a value of E/N as high as possible. This would help eliminate the

obstruction processes due to both a large NDC (negative differential

conductivity) and high attachment at high E/N.

The experimental results for CH4 + 2% C2 F6 . Fig. 7, showed a

Jsw-E/N characteristic very much like the ideal characteristic just Nir %

described. Since the addition of N2 increases vd. it would also be

advantageous to find a gas mixture containing Ar as a buffer that has 7.7

similar results but with a maximum at lower values of E/N. One method
.5...

of accomplishing this is to use Ar with admixtures of two attaching

* Of.

q.5-
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gases with significant attachment cross sections that have different
threshold electron energies. Referring to Fig. 2. it is seen that C2F6

has a strong onset of attachment at approximately 5 Td. By adding an

attaching gas with an attachment cross section at higher electron

energies than C2F6 and also a drift velocity maximum at higher E/N than

C2F6 .a discharge characteristic as shown in Fig. 3 should result.

Since C2F6 has an onset of attachment at approximately 3 eV [5]. CF4 was

chosen as the second attacher with an onset of attachment at

approximately 6 eV [5]. Also since CF4 has a smaller cross section than

C2 6 a larger percentage of CF4 is added to the gas mixture. The gas

mixtures proposed for this are mixtures of Ar + 2% C2F6 + varying

percentages of CF4 . Also mixtures of CH4 + CA + CF4 were investigated

to determine the effects of two attachers in CH4. since CH4 based

mixtures have higher dc E/N breakdown limits than argon.

GAS MIXTURES WITH TWO ATTACHERS

In order to investigate the expected effects of the inductive

energy storage circuit on the discharge characteristics of the gas

mixtures, high impedance systems were simulated using different series

resistances and the resulting characteristics were measured. After

these processes were verified, the steady state characteristics of new

gas mixtures were measured. These new gas mixtures were chosen to try

to alleviate the problem of an inherent high characteristic impedance in

f,
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an inductive storage system. Also the different E/N limits for the

breakdown of the gas mixtures were measured.

The first task was to measure the characteristics of an Ar-C2 F6

mixture in a high impedance circuit. In Fig. 11. the J -E/N
sw

characteristics for Ar + 21 C2 F6 were measured using a 23 1) series

resistor. The effective loadline for this system is plotted and results

show that the current maximum is unattainable in this system, as

expected.

Experimental Results

The first gas mixtures to be investigated were mixtures of Ar +

2% C2F6 + varying percentages of CF In Fig. 12, the characteristics

of these gas mixtures are shown, which confirm that an addition of CF4

can produce the necessary characteristic for a high impedance system.

Of the two gas mixtures, the optimal mixture contains 49% CF4 for a high

impedance system, since the gas with 20% CF4 still has a negative

differential conductivety which is too strong. The mixture with 49% CF4

has a more gradual negative differential conductivity, which fulfills

the requirement for high impedance systems. However. in an attempt to

increase the breakdown limit of the gas mixture, CH4 -based mixtures were

also investigated.

The J-E/N characteristics for mixtures containing CH4 + C2 F6 + CF4

are shown in Fig. 13. As seen In these curves, all of the mixtures

produced the desired high impedance characteristic curve shape. For a

high Impedance system the optimal gas mixture, of the three mixtures, is

49.5 CH4 + 2% C2 F6 + 49.5% CF4. since it has a higher current maximum

4 24
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at the low E/N operating point during the conduction phase of the

switch.

The Ar based ternary gas mixtures also exhibited an E/N limit for

the occurrence of a glow-to-arc transition, just as in the binary Ar

mixtures. It is seen that the O 4-based mixtures have the highest dc

breakdown limits, the mixture with 5% C2F6 having the largest value.

Again. as in the single attacher mixtures, the Ar based mixtures have

the lowest breakdown limits. Even so. the high concentration of CF4 in

the Ar mixtures has dramatically increased the breakdown limit compared

to the low percentage C F6-Ar mixtures.
2 6

CONCLUSIONS AND REC(MMENDATIONS

With the experimental results presented previously, a discussion

of the advantages and disadvantages of the mixtures along with

recommendations for certain systems will be given. The two different

types of switching considered are outlined below:

I) A repetitive switch for inductive energy storage is considered.

which must take into account the characteristic high impedance

of this system during a burst of pulses.

2) An opening switch is also considered, where a high holdoff

voltage, low power dissipation and a large NDC are most

important.

The important parameters for these gas mixtures are tabulated and

presented in Table 1. In Table 1. the subscript, OP. indicates the

'. 1

'e%
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parameters at the operating point of the discharge. In column 4. E/NND C

represents the E/N range in which the NDC occurs. In column 8. RHO15 Td

Is the resistivity at 15 Td. Referring to the values in the last two

columns. E/NBR is the dc breakdown limit and E/NCtoA is the glow-to-arc

transition limit.

A discussion of the types of breakdown is appropriate at this

point. In general an opening switch used in an inductive energy storage

system should have a very high breakdown limit. As seen in Table 1. two

different breakdown limits are listed, the dc UN breakdown limit and a

glow-to-arc transition breakdown which is found in argon-C2F6 mixtures

only and occurs only during the operation of the switch as opposed to dc

breakdown which occurs independently from switch operation. Some

general observations made from Table I are discussed below. The

0CH4-based mixtures have a higher dc breakdown limit than argon-based

mixtures and no glow-to-arc transition limit. Because of this and the

fact that the glow-to-arc transition limits of the argon-based mixtures -

are very low, the argon-based mixtures are less promising than the

CH4-based mixtures. Also. the addition of the attachers C2F6 and CF4

increas,;. the dc breakdown limit.

The resistivity at different E/Ns is also an important factor when

discussing switch operation, therefore a few observations will be made P.

at critical points. As shown in Table 1, comparing the values of p at "5-

15 Td with the values of p at the operating point and at low E/N X"

(minimum p). it is seen that in all cases p incrreases when the E/N is

increased. This result is due to either the onset of attachment or the

reduction of the drift velocity or a combination of both effects, as the

J'. .

,°%

" . - -. ". - " , " - - - .- " "-", '- - " " '." " - . ". " ." . ,°'" "J '.' -'i 
' ' ' . ° ' . ' ' ° 

"" "'' ,/' '' ' ;'-'°""-""-""-"-'.."' , - . , / : - . . s - ,; / : > , . .: , , -, € / -% . . . , - : % , , - . , , :) , , - . , , , , ; - . , , ; " , , ; ,



103

E/N increases. This is an important effect, since an opening switch

requires a high p at a high E/N.

A Repetitive Switch for Inductive Energy Storage

When considering an electron beam controlled diffuse discharge for ..,'

use as a fast (100 ns pulses) repetitive opening switch, certain _

criteria are used to choose the best gas mixture. The three most

important criteria for this type of repetitive switching are a high

current density at low E/N . a high E/N breakdown limit, and only a

slight negative differential conductivity (slowly decreasing current

density with increasing E/N) after the current density maximum. The

optimization process will be divided into two parts, the optimum argon C

based and CH based mixtures.

For the CH4 based mixtures the optimum gas mixture is 49% CH4 +

2% C2F6 + 49% CF since, as seen in Table 1. it has the highest current

density at a comparatively low E/N. an appropriate negative differential

conductivity, the highest current gain. and. most importantly, the A

highest dc E/N breakdown limit. With the small negative differential

conductivity, the closing process will not be obstructed when used in a

high impedance Inductive energy storage system.

For the ternary argon based mixtures, again referring to Table 1.

the best mixture for a repetitive opening switch can be obtained. When

considering the high impedance system, the 78% Ar + 2% C F + 20% CF42 64

mixture still has an NDC which is too large. Since 49% Ar + 2% C2F6 +

49% CF has a more gradual NDC. it would better accomodate higher
4

impedance systems. Also the 49% Ar + 2% C F + 49% CF mixture has a
2*6 4
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higher dc E/N breakdown limit which is important in an opening switch.

Unfortunately the argon based mixtures have a glow-to-arc transition E/N

limit which is much lower than the dc breakdown E/N limit. Because of

this the CH 4-based ternary mixtures appear to be much better for use in

an opening switch.

A Single Shot Opening Switch

When considering a single shot or repetitive opening switch, both a

high current density at a low E/N and a large negative differential

conductivity are important factors in the optimization process. Since.

in a single shot opening switch, the system impedance during the initial

charging of an inductive storage system is low (no transmission line

effects), the operating point will always initially be reached in either

high or low impedance systems. Of the ternary two attacher gas

mixtures. 78% Ar + 2% C2F6 + 20% CF has the largest negative

differential conductivity and therefore the fastest opening time which

is one of the most important factors in a single shot opening switch.

However. the glow-to-arc transition limit in Ar based mixtures is very

low. as seen in Table 1. Therefore it may be necessary to use a

CH4-based mixture for a higher breakdown limit at the expense of the

faster opening time.

XIW
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SUMMARY

When considering a high impedance system the shape of the J-E/N

characteristic curve it is important that the obstruction of the closing V

process. In a repetitive opening switch, is to be avoided. Using two

attachers (C2F6 and CF4 ) in argon and CH4 based mixtures can produce the

necessary J-E/N characteristic curve for such a system.
.p.

The CH4-based mixtures are considered to be better than the

argon-based mixtures since the E/N breakdown limit is much higher and -

there is no glow-to-arc transition which is inherent in the argon-based

mixtures. Also, the choice of the mixture depends on the type of 1.0

switching involved, where different criteria are of importance.
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THE INFLUENCE OF PHOTODETACHMENT ON THE J-E/N CHARACTERISTICS Le.

OF DIFFUSE DISCHARGES CONTAINING OXYGEN

G. Schaefera), G. Z. Hutchesonb), K. H. SchoenbachC), and

P. F. Williamsd;

Department of Electrical Engineering/Computer Science

Texas Tech University, Lubbock, TX 79409-4439

(Received I.

Externally sustaine discharges can be used as opening and closing

switches in pulsed power systems. Admixtures of attachers with a low

attachment rate at low values of E/N and a high attachment rate at nigh

values of E/N will allow a low loss operation in the conduction phase as

well as rapid opening when the external sustaining source is terminated.

Losses, however, will increase in the closing transition when the external

sustaining source is turned on. Photodetachment has been proposed as an

additional control mechanism to overcome these losses in the closing trans-

ition. This paper presents measurements on photoionization sustained dis-

charges in argon and nitrogen containing admixtures of 02 under the

influence of laser radiation. Strong changes of the voltage-current char-

acteristics have been observed. The influence of parameters such as per-

centage of 02, laser power, laser pulse width, and circuit impedance is

presented. Additionally, it is shown that photodetachment can enhance tne %

stability of diffuse discharges.

N ? " % or No.% .e N' - ".
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Inductive energy storage is attractive in pulsed power applications

because of its intrinsic high energy density and its ability to operate a:
.

low prime voltage. The key technological problem in developing inductive V,

,.

energy storage systems, especially for repetitive operation, is the

development of a fast opening switch. Diffuse discharges have advantages

for switching because of their low inductance, small electrode erosion and

heating rates and moderate energy density whicn offer the possibility of

external control of the opening and closing process by means of electron

beams and/or lasers.

To achieve Short opening times in an externally sustained discharge

with electron densities in the range ne< 10" cri- 3 electron attachers

have to be used. Attacners with high attachment rates at high values of

reduced field stren'rth, E/I, and low attachment rates at low values of E/N

will allow fast opening when the electron bearn is turned off and low losses

in the conduction phase. ,2 Such attachers, however, increase the clos-

ing time and increase the loss during switch closure, especially if closure

has to be performed in a high impedance System. This effect has been

demonstrated in calculations on discharges' in N2 containing N20 and in

experiments on discharges in Argon containing C2F6.

It has been proposed that photodetachment can be used to overcome

these losses during closure. 3,5  The influence of photodetachment will

mainly influence the discharge characteristics in an intermediate E/-

range. At low val, es of E/N attachment will not dominate the discharge if

the attacher used ha the properties as mentioned above. At high values o'

E/N - above self eaiown - ionization thrOuch tne dscharge electrons

'p
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will dominate. 6  For applications as a repetitive closing and opening

switch the discharge therefore has to be operated at low values of E/N no*_

influenced by attachment in tne conduction phase, and at intermediate

values of E/N well below self-breakdown and subsequently dominated by

attachment in the noncondu:ting phase, and the transitions betwee, thesp

two phases. The influence of photodetachment can subsequently be demo-

strated by measuring tie c.rrent density (J) versus reduced feld strergt-

(E/N) characteristics under the influence of photodetachment.
.5,

The experimental setp used for our experiments is shown in Fqg. 1.

The major component is the discharge chamber with a TEA-laser ele:trode

configuration (variatl-e gaD d-stance, d : 3.5-10 mm, active e'e:trode

width, w = 20 mm, ele:'tode length, i 200 mm). The electrodes of tris

chamber are connected to a 125, line which is charged to a voltage below

self-breakdown of tne visCnarge gap. A resistor in series is used to vary

the system impedance. A spark array UV source is located behind a screen

in one of the main electrodes. This UV source can produce ligit pulses

with 5 ns risetime and nearly constant emission over several IO ns. Whet

the UV source is fired an externally sustained discharge will be initiate-

in the discharge chamber. Current and voltage probes in the main line allow

the evaluation of the time dependence of current, voltage, and impedance Of

the discharge. Side windows at the discharge chamber allow the illurna-

tion of the discharge volume with a flashlamp pumped dye laser. This lase -

produces pulses of approximately 100 ns leng:n and nearly constant pOwe,

% -,
%.,
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of 1 MW over the central 400 ns at 590 nm. With a pockel cell cnopper,

short pulses of 50 ns length and - 500 kW power can be obtained. The

time dependent measurements of current and voltage across the discharge,

with and without laser, allow the evaluation of the influence of photo-

detachment on the J-E/N characteristics and on the transient behav'c of

the discharge.

The measurements reported here were performed in mixtures of ar~on

nitrogen with admixture of oxygen as the attacher. Attachers producingII

as the dominant negative ion are good candidates for photodetachment ex,e -

iments, since 0- has a relatively high photodetachment cross section 8 fo,

photons of approximately 2 eV which can be produced efficiently with flas'- 4P

lamp pumped dye lasers.

The mixture of argon and nitrogen optimizes the ionization efficienc %

of the 9V source. Nitrogen is known to increase the UV yield of the spa- ,

sources 9 while the admixture of argon increases the penetration depth of P'

the ionizing radiation. The ionization efficiency was further enhanced ,y

using N,N dimethylaniline as an additive with a low ionization potential .

The first set of experiments was performed to evaluate the influer,:"

of attachment on the steady state J-E/N characteristic of the discharge.

For these experiments the system impedance was kept small compared to t' -

impedance of the discharge with nearly constant discharge voltage'. .

set of data was taken without the laser. Figure 2 shows the J-E/N chara:-

teristics for gases wtt' varying concentrations of 0-. The mixtures usei

with higher ', concentrations generated regions of negative differentia.

condjctiv'ty in inte-ediate E/N ranges of tne characteristics. This

.... -... * . .. *'*%.*.*,*
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effect is the consequence of an attachment coefficient that strong y

increases with E/N. At high values of E/N the currents increased dras-

tically. In this E/N range internal ionization through discharge electrons

becomes significant and, therefore, represents the transition to self-sus-

tamned discharges.

Figure 3 shows the influence of photodetachment for varying concertra -

tions of 02. For these experiments, the UV source was triggered at the

peak power of the 1000 ns laser pulse. The laser power density in the

discharge chamter was 8 x 10 W/cm'. Discharges that did not contain

oxygen showed no change in resistance when illuminated by the laser. No

influence of the laser on the discharge characteristics was observed in the

low E/N range where no dissociative attachment occurs. The influence of

the laser starts in the range where the current density reaches a minimum.

in this E/N range attachrent is strong and the density of negative ions is

high. The strongest changes of the resistance at constant values of -/N'

were observed in the transition regime to the self-sustained discharges.

Increased electron density, due to internal ionization, along with the high

E/N caused a high density of negative ions which, in turn, gave a strong

photodetachment effect. The higher oxygen concentrations produced a more 0

pronounced change in resistance, as a result of the higher negative ion

densities.

The dependence of the resistance change on tne laser intensity was

also measured and was found to be linear up to the maximum intensity of Our

laser, 8 x 105 W/cm2 . This result indicated that only a fraction of the

negative ions were being photodetached, and, that with higher laser powers,

stronger resistance changes could have nep attalnel. 5

SJ:
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Further experiments involved determining the effect of photodetachment

on a high impedance circuit. A 13 kP, resistor was placed in series with

the transmission line of the diffuse discharge circuit. In such a circuit

the increase of current is associated with a decrease of E/N and, con-

sequently, a reduction of the attachment rate. The effect of the laser is

therefore expected to be smaller. The laser was operated again in the long

pulse mode, and the UV source was triggered at the time of peak laser

power. The results, plotted as changes in discharge resistance, are sho.n

in Fig. 4. As in the low impedance measurements, the strongest changes in

resistances occurred in the transition regime from externally to

self-sustained discharges.

Schaefer, et al. 3 have demonstrated through simulations that short

laser pulses occurring soon after discharge initiation can strongly alter

the J-E/N characteristics of the discharge for the remainder of the

discharge pulse. Figure 5 shows similar results in our experiment in which

the laser pulse was only on for -50 ns soon after discharge initiation. A

Current density changes caused by short laser pulses occurring later in the

discharge were smaller and more closely followed the laser in time.

As a final demonstration of the influence of photodetachment, laser

enhanced stability experiments were performed in the 125a system in a

mixture of Ar with 5.30 02 and 350 ppm dimethylaniline at I atm. Sudden

voltage collapse and current changes in the discharges indicated formation

of arcs. As in the previous experiments, the laser was used with a peak

intensity of approximately 8 !0 W/cm2 . In five out of five cases where

the d'szharges were not illuminated by the dye laser, arc development

% .''p~m
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occurred anywhere from 350 ns to 1 uS after discharge initiation as

previously demonstrated by Norris and Smith." l However, for five out o'

five cases where the discharges were illuminated, no arcs were observed.

By increasing the electron density12 and lowering the effective attachmet

rate, photodetachment enhances discnarge stability.

The experiments presented demonstrate that externally sustained

discharges in mixtures of argon and nitrogen, containing admixtures of

oxygen exhibit a negative differential conductivity in an intermediate E'.
.4o

€

range. This effect is believed to be the consequence of the attachment
. I.

coefficient for the dissociative process (e+ 2 O-.O), increasing strongly

with E/N.

Photode:achnent with a visible laser can be used to significantly

change the discharge characteristics. Resistance changes at moderate laser

powers (800 kW/,'t 2 , were strongest (factor of 8) at the E/N range where tne

ratio of the negative ion density to the electron density is highest. Tnis

E/N range corresponds to the regime just below the transition from %

externally sustained to self-sustained, which is the E/N range close to the

initial E/N values that would be used for a diffuse discharge switch ir a

high impedance system. Short laser pulses during discharge initiation are b

sufficient to change the behavior of the entire discna-ge pulse.

From these experiments, we believe that discharges can be operated as

opening switches with low loss in high impedance, burst mode systems, if

photodetachment is utilized during discharge initiation. For both switChes

and lasers, photodetachment can be used as a mechanism to improve the %,

%" ,
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stability of diffuse discharges ana, thereby, one may be able to increase

repetition rates or conduction times.

The authors would like to thank R. A. Korzekwa for his assistance in

the preparation of this letter. This work was jointly supported by the Air

Force Office of Scientific Research ani the Army Research Office uncer -

contract AFOSR 84-0032 and by the National Science Foundation under gran"

No. ECS-8313122.
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FIGURE CAPTIONS

Figure 1. Experimental setup for UV sustained, photodetachment controlled
discharge.

Figure 2. J-E/N characteristics of UV sustained and UV initiated dis-

charges for several concentrations of 02 with 2.6% N2 , 350 ppi

dimenthlaniline, and balance of Ar at 1 atm.

Figure 3. The influence of the laser on the discharge resistance

RL/Ro, where RL is the resistance with laser

illumination and R is the resistance without laser illumin-0

ation versus E/N for 1250 system impedance. Gas mixtures con-

tained various concentrations of 02 , 2.61 N2, 350 ppm dimethy-

laniline, and balance of Ar at 1 atm.

Figure 4. The influence of the laser on the discharge resistances

RL/Ro, where RL is the discharge resistance with

laser illumination and R is the discharge resistance with-

out laser illumination versus initial E/N for 13 ki system %

impedance. Gas mixture contained varying concentrations of 02,

2.6% N2 , 350 ppm dimethylaniline, and balance of Ar at I atm.

Figure 5. Current versus time with and without short laser pulse for a gas

composition of 13.2% 02, 2.6% N2 , 84.240 Ar, and 350 ppm dimet~v-

laniline at 1 atm, initial E/N = 50.2 Td, and a laser power

density 400 kW/cm2.
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Abstract Table I 2
Listing of Surface Da.,,ge/Alterstion Effects

The surfaces of stainless steel electrodes used L

in a high energy, gas-filled spark gap have been .....................................................

analyzed using Auger Electron Spectroscopy (AES) and Effect Significance

Scanning Electron Microscopy (SEM). The analysis of --- --------- %0
electrode cross-sections revealed areas of enhanced Material Removal Increase in Rreakdo,, V

erosion and crack formation as a result of temperature (Erosion)* Voltage

cycling of the arc and enhanced chemical attack along

manganese -stringers" which were present in the stain- Micro Cracks (Hexagonal Possible Fracturing of

less steals. The depth of the cracks was considerably "Riverbed")* Electrode. bulk Material

less in nitrogen (20 Ui) than in air (80 Um) and Removal; Subsequent

except at the cracks the damage was generally less Failure to Operate

than IOU*. The use of low sulphur steels and cutting

the electrodes so that the stringers ran parallel to Material Transfer Surface Stability &

the surface both proved to be effective means of Electrode to Electrode* Erosion Rate; A Function

eliminating crack formation, thus reducing the chance of Opposite Electrode

of electrode failure. 'A.
Macro Cracks* Fracturing of Electrode

Subsequent Failure to
Introduction Operate

The surface damage and subsequent electrode Macro Protrusions Reduction in Breakdown

erosion resulting from high energy arcs has been of Voltage

interest for a considerable time as a major factor

limiting the lifetime of spark gaps used as switching Micro Protrusions Alteration of Breakdown

components in a variety of pulsed power systems. Voltage Stability

Recent work on electromagnetic launchers ("rail guns-)

has renewed the interest In understanding electrode Chemical Compound Alteration of Breakdown

erosion, especially for very high currents > 100 kA). Formalion on Surface Voltage Stability
The work reported here contains results on material

effects likely to play a role in electrode reliability Micro Craters None, Except the Sum

in the high current regime. Leads to Net Material
Removal

In order to thoroughly study the processes and

effects resulting in electrode surface damage, the "*Likely to be of Increasing importance at very high

following questions should be addressed: currents.

What effect was observed?
Specifically, the work reported here will concen-

What Is Its importance to spark gap perform- trate primarily on one of these effects, namely,

once (via electrode erosion for example)? surface cracking and the resulting hexagonal structure
in stainless steel.

What Is (are) the cause(s)?
Experimental Setup

How can It be corrected/altered/designed E m S
around? The electrode erosion experiments described below :. .

were performed on the Mark I energy storage and spark

A listing of some of the surface alterations which gap system. The spark gap was coaxial in design and

have occurred are given in Table I along with a brief was essentially like the one shown in Figtire I. (Some

summary of their significance. modifications have been made to allow for water
cooling of the electrodes and inner gap housng in

order to remove the bulk heat at high rep-rates and
high Coulomb transfer.) The spark gap was designed

for frequent electrode and insulator replacement and
to allow for accurate control of the electrode align-

*Supported by AFOSR ment and gap spacing.

457
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(a) 2m

am 
w

Figure I. Mark 11 spark gap (original).

The hemispherically shaped electrodes are all

2.5 ca in diameter and were attached to a stainless
steel (304) electrode holder. The insulator inserts
provide protection for the main gap housing and
studies of the surfaces of these inserts have given
information about the insulator damage resulting from
the discharge byproducts t11. A detailed description *

of the spark gap assembly and diagnostic systems are
given elsewhere 12); however, the operating parameters
for the gap are summarized in Table 11. .

Table 11
Mark II Operating Conditions

(b) 200 us -

Gap Spacing < 0.75 cm %
Voltage < 30 kV ,-
Current < 25 kA
Capacitance 21 UF-
Charge/Shot 0.6 Coul
Energy/Shot < 9 ki ,

Pulse Width 25 us
Rep-Rate 5 pps
Pressure I ats (absolute)

,.- *.

The analysis of the electrodes was performed
using several pieces of equipment including a PHI
model 595 Auger Electron Spectrometer, a JEOL JSM-2
Scanning Electron Microscope and an Olympus BHM
Optical Microscope.

Results '4

Previous experiments performed by the authors 131
have shown that stainless steel (304) electrodes %
subjected to 50.000 shots shoved a significant (€) 2 M 0-
reduction in electrode erosion (1.5 to 0.7 icm

3
/coul) ( 2-

when the switching gas was changed from air to
nitrogen. The surfaces of these electrodes, shown in Figure 2. Surfaces of stainless steel (304) cathode:
Figure 2s,b,c indicate a regular surface pattern with (a) in air, low magification; (b) in air *
cracks similar in appearance to a dried up river high magnification; (c) in nitrogen, lnw %
bed. magnification.

458
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The cross sections of these electrodes, shown In
figure Uab reveal cracks with depths of approximately
80 tm for electrodes run in air and 20 ji for elec-
trodes rnn Ia nitrogen. At first It man thought that
the cracks were due solely to temperature cycling io
the uwtetal with the 'hexagonal' pattern resulting
from the biaxial tensile forces present during

resolidification of the molten surface. (A simple
calculation shoved that a temperature change of 2000C
could lead to crack formation.)

(a) 50 u sI

(a) 50 Vi

0.1

(b) 5 lim e.

Figure 4. Cross sections of stainless steel (304)
cathode In air: (a) on the outer edge; .W
(b) SEM photograph at region examined by
Auger analysis.

,0 :O

Auger analysis of the cracks indicated that the P
manganese acted a "getter' for the sulphur present
in the steel w pch at high temperatures resulted In a
chemical reaction leading to material removal at the

(b) Au lie manganese sites. However, since many more manganese
sItes exist tha n those occurring just at the cracks.
it was concluded that the resulting surface formation

Figure 3. Cross sections of stainless steel (304) was a combination of both temperature cycling and
cathode: (a) In air; (b) In nitrogen. chemical attack.

To validate the Importance of the stringers, an

experimont was performed using a cathode (304) vhich
govever, further examination of the cracks shown In was cut so that the stringers ran parellel to the

Figure 4&,b revealed that the crack orientation was surface of the steel and an anode which had the

coincident with manganese 'stringers' present in the original orientation to serve as a control. The
steel, which are perpendicular to the surface resulting surfaces shown In Figure Sab Indicated that

(parallel to the length of the rod from which the no surface cracking occurred in the cathode (as --

electrode tip was cut). - -ipected), whereas the anode remained the s . "

45.
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(a) 20 Jm 1 10 Sol l m

Wb zoo to;

Figure 5. Surfaces of stainless steel (304) in air: (
(a) cathode--cut so that stringers ran (b) 20 m I-m
parallel to the surface; (b) anode--the
aaue a previous runs .o Figure 6. Comparison of cathode surfaces of two

In addition, at the suggestion of the steel different stainless steels: (a) 316;

manufacturer, a second steel was tried (316) which (b) 304.
might have lover sulphur content. The results, shown
In Figure 6a,b, also indicate an absence of cracks,
although no significant reduction in bulk erosion References
occurred. I] G. L. Jackson, L. Hatfield, M. Kristiansen,

One should not conclude from these experiments M. Hagler, A. L. Donaldson, G. Leaker, R. Curry,

that surface cracking requires the presence of R. Ness, L. Gordon and D. Johnson, Surface

manganese stringers or even chemical attack--any Studies of Dielectric Materials Used in Spark

mechanism which leads to a weakening of the material Gaps," J. Appl. Phys. 55 (1) (1984).

surface during temperature cycling can prove suffi-
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damage at 50,000 shots (80 tm cracks) was not enough
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Abstract

The eroaion of several dielectrics has been inves- current waveforus are damped RLC In nature, with their

tigated in a single channel surface discharge switch amplitudes determined by the charging voltage. The
(SDS). The simtch was operated in an oscillating best results of 130 kA peak current and 0.74

circuit in a self break mode (capacitance 1.85 YF, Coulomb/shot charge transfer were obtained across a

charged to 40 kV, peak current 130 kA, charge transfer 3.5 cm gap.

.74 C/shot, frequency 300 kHz). Delrin, Teflon, and
the epoxy-fiberglass laminate G-10 were used as dielec-
tric surfaces with Copper-Tungsten (K33) electrodes.
Repetition rates on the order of 1/3 pulse per second

(pps), which Increased during operation as the surface
eroded and the breakdown voltage decreased, were used.
Delrin withstood 100 shots before the 1.6 m thick
sample melted through. Teflon eroded at a lesser 'EN RMERM
rate. G-1 samples quickly shattered or developed a I
carbonized track which lowered the breakdown voltage to I " 14
5 kV. (T

Introduction . J. p. .

which have been tested to repetitive high level 4ri

currents In excess of MA's, but various dielectric I""
materials are considered as insulators in pulsed power NilD.
applications due to their availability and cost. G-IO, - . l
for example, has been used In rail guns, primarily due
to its ease of machining and mechanical strength. In
such an application, the G-1O is subjected to A cur- LINE -. DIELECTRIC
rent levels at a very low rep-rate. The present exper- INSULATOR ELECTRODES SAMPLE

isent uses field enhanced electrodes which confine
currents In excess of 100 kA to a highly localized
region on the insulator surface.

(a) Top View

The purpose of this paper is to describe the -'%N

erosion of Delrin, Teflon, and G-10 as they were sub- 4

jected to high current levels. Hold-off voltage char-
acteristics of the three dielectric materials were

measured and are reported. It is interesting to note
the drastic difference of 130 kA switching effects on
the dielectrics as compared to previous 5 kA switching

studies. G-10 for example, exhibited the best charac- DIELECTR
teristice for 5 kA switching [1), but was the poorest SAMPLE
for 130 kA switching. Despite the gross erosion pat-

tern left on the Its samples, Deirin exhibited far ELECTRODES
superior performance ccpared to G-10. Finally, Teflon
exhibited the best overall characteristics of the three

materials tested. T - .

Experimental Arrangement

As shown In Fig. 1, the dielectric samples were LINE INSULATOR

inserted into a 6 Ohm, I m long strip line. The elec-
trodes, mode of K 33, can be continuously adjusted to %
accomodate gap separations from 0 to 30 cm. The strip (b) Side View

line shown Is 20.3 cm wide and the separation is pro-
vlded by a Blue Nylon dielectric, 30.5 cm wide and
.65 cm thick. The energy storing, 1.85 1AP, Scyllac Fig. I Surface Discharge Switch

capacitor, shown in Fig. 2, is integrated into the
strip line and can store 1.48 kJ of energy when charged
to 40 kV. The DC charged SDS, operated In air, is ..
allowed to self break at about 40 kV initially, and . .

allowed to free run, at about 1/3 pp, as determined by
the self break voltage which decreased as the ...

dielectric surface eroded away. Both the voltage and

". %. A
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DIELECTRIC 1.0 N Velocity, < Velocity 2
SAMPLEf 

I 
;64.%_

vs  AIR 0.5 W10 AIR.
___._ 'F

VsNOZZLE Ve o

......... WITH AIR (Velocity,)

------ - - -WITH AIR (Velocity2 )
COMPRESSED _,,___-_

AIR I20 4t'%'

PRESSURE # OF SHOTS
GAGE *OST

Fig. 4 Effect of Forced Air Cooling on G-1O " -

Vs a 0 -- 100 kV

PC a 500 kP 1.0
CB " 1.85 WF

Fig. 2 Experimental Setup

Results 0.5

G-10

1) Hold-off voltage, 2) total charge transferred,
and 3) total energy transferred are plotted against the
number of shots for a typical C-10 sample in Fig. 3. Vs " 0 V
After the first few preconditioning shots, the hold-off
voltage dropped quite drastically. As shown in
Fig. 4, two different levels of forced air cooling is 100

compared to no cooling with no significant improvement. I OF SHOTS
Fig. 5 show the cold recovery after the surface has
been allowed to cool, but not long enough for the
surface charge to be discharged (surface resistance of Fig. 5. Cold Recovery of G-10.
sample times the capacitance )> cooling time). Visual
inspection by the naked eye of the G-10 samples with a
severely reduced hold-off voltage (approximately 1/10 ,\.-

of initial hold-off voltage), showed signs of a carbon-
ized track approximately 0.5 mm wide burned between the
two electrodes, as shown in Fig. 6.

1.0

ENERGY a,

0.5-
/ .".0

'e. -4--- CHARGE .""'.',"

,.4...

200
IOF SHOTS

.4,

/'S

Fig. 3 Typical G-10 Hold-Off Voltage Plot Fig. 6 Erosion Pattern on C-10

, ... .. ..... . -.. .....-.. . -• ,.. ,., ,.,,,,,.. ,,., ,.. ...'...., ,..,,.,. .. V. ..,, ... . . . . .. . .. ,' ' '... , -. - , . ...
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Delrin

1) Hold-off voltage, 2) total charge transferred, S

and 3) total energy transferred are plotted against the
number of shota for a non air cooled Delrin sample in
Fig. 7. In the case of air cooled samples. there Is
quite an impressive Improvement over the non air cooled
sample, as can be seen in Fig. 8. Cold recovery of
Delrin using the same method as in the G-10 sample,
shoes that the material can recover, unlike the G-10 ...

sample. A non air cooled sample is plotted to show
the cold recovery of Delrin in Fig. 9. A typical
erosion pattern on Delrin is shown in Fig. 10 and it 0.5""
can be seen that the erosion pattern is rather uniform. [ . *
It is interesting to note that Nylon 66 samples were P-S

also tested and shoved almost identical patterns over- V 0 V
all to those of Delrin and thus not reported separately S
here.

1.0 50

# OF SHOTS\/' /' -- ENERGY -. ""i
v V" . . . --- CHARGE 3

Fig. 9 Cold Recovery of Delrin .

0.5 'r..V.

0s o.,

I." AV

20 4 '

# OF SHOTS

Fig. 7 Non Air Cooled Delrin Hold-Off Voltage Plot

1.0.

0.5
W/O AIR Fig. 10 Erosion Pattern on Delrin

".5

.......... WITH AIR Teflon

In Fig. 11, 1) Hold-off voltage. 2) total charge

transferred, and 3) total energy transferred are
20 40 plotted against the number of shots for a non air

cooled Teflon sample. As can be seen from the figure,

# OF SHOTS the hold-off voltage remained consistently high

throughout the run. Forced air cooling on Teflon
samples seemed to have an effect as it did for the

Fig. 8 Effect of Forced Air Cooling on Delrin De'rin, but the results did not seem as significant .-
due to the consistently high hold-off voltage. Due to
this high hold-off voltage characteristics, it Is
difficult to determine whether the Teflon has actually
recovered for the test shown in Fig. 13. Figure 14

shows the erosion pattern left on a Teflon sample.

,.%.

S.:
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1.0 VS '

ENERGY--- -

0.5 CHARGE

20 4O0
2 OF SHOTS 40

Fig. 11 Non Air Cooled Teflon Hold-Off Voltage Plot

Fig. 14 Erosion Pattern on Teflon

Discussion of Results

Johnson [2), measured no significant reduction of
the hold-off voltage of G-1O and Delrin at relatively

W/O AIR low current levels even after exposing them to several

thousand shots at current levels of a few thousand
Amperes. It is clearly evident that the erosion of

............ WITH AIR dielectric materials depend very heavily on the
maximum current as is especially evident for G-Is0.
For Delrin, the hold-off voltage depends very heavily
on the surface temperature and not the physical

I " volumetric erosion. With no prior reports on Teflon
20 40 it Is Impossible to make any type of contrasting

I OF SHOTS comparison but Teflon seems very promising as a high
current insulator for these types of applications.

Fig. 12 Effect of Forced Air Cooling on Teflon
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A new design concept for field distortion trigger spark gaps
G. Schaefer, B. Pashaie, P. F. Williamsa) , K. H. Schoenbach, and H. Krompholz
Depanmet of Ekctricl EnineennI/Computer Sience. Texas Tech Univerai, Lubbock. Texas 79409

(Received 16 August 1984; accepted for publication 30 October 1984)

A common field distortion triggered spark gap utilizing geometric field enhancement at sharp
edges usually operates in a cascade mode via the trigger electrode. A new trigger concept is
proposed allowing strong field enhancement and direct breakdown between the two main
electrodes. A test setup was designed to prove the feasibility of this concept. Experimental results
on delay and jitter depending on percent breakdown voltage are presented. Best results achieved
are a delay of 9 as and a jitter of 2 ns at a self-breakdown voltage of 15 kV.

I. INTRODUCTION AND TRIGGER CONCEPT main electrodes, and breakdown, without cascading via the

Spark gaps using field distortion triggering are initially trigger electrode, is possible.
designed to provide hold-off voltage without trigger, and a (3) Since the electrode can be shape without changing
trigger electrode shaped and located on an equipotential sur- the hold-off performance, the field enhancement at a main
face in the gap is then added. Triggering is accomplished by electrode can be much larger than in common field distor-
abruptly changing the potential of this electrode, thereby tion triggering.
increasing the field between the trigger electrode and one of (4) Shape and surface conditions of this main electrode
the gap electrodes. A typical example is the three electrode do not determine the hold-off performance of the gap, mak-
gap with a blade as a midplane trigger electrode located ap- ing the gap more independent of erosion.
proximately half way between the main electrodes.' In the This concept would have to be applied to both main elec-
hold-off state the blade is in the plane of an equipotential and trodes for protection of both.

no field enhancement is generated at the edge of the blade.
By changing the potential of the trigger electrode a very II. TEST SETUP

strong field enhancement at the edge can be produced. Since The experimental setup used to test this trigger concept
the maximum field enhancement occurs at the trigger elec- is shown in Fig. 2. A parallel plane line was used as charging
trode, however, the switch operates usually in a cascade and transmission line (total impedance - 12.5 1). The
mode in which the gap between one electrode and the trigger switch consisted of eight individual gaps. The upper conduc-
electrode is first closed (initiated by the trigger pulse) and tor of the lines was divided into eight individual stripes to
then the second half of the gap is closed by the voltage across provide for transit time insulation of the individual gaps (im-
the switch.

To allow for geometrically enhanced field distortion
and still to avoid cascade breakdown, field enhancement at ..
an edge of one of the main electrodes can be used. This edge,
however, must also be shielded in the hold-off state of the
gap.2 A schematic diagram of a spark gap based on this con- ELECTRODE (1)

cept is shown in Fig. I. In this device the trigger electrode is
used to shape the electric field intensity in the gap in both the
hold-off state and the triggering state. In the hold-off state
the trigger electrode is kept at the same potential as electrode TRIGGER
(1) and its surface towards the gap is shaped to minimize the ELECTRODE

geometric field enhancement effects at the main gap elec-
trode, thereby maximizing the hold-off voltage. In the trig-
gering state the potential of the trigger electrode is moved
towards the potential of electrode (2). The trigger electrode
subsequently serves to enhance the field, providing im-
proved triggering, in two ways: moving the equipotential ELECTRODE (2)
toward one gap electrode, and simultaneously turning on the
geometric field enhancement. Such a trigger concept com-
bines several advantages:

(I) Geometrically enhanced field distortion can be uti-

(2) The strongest field enhancement occurs at one of the

"p. F. Williams is now with the Univernity of Nebraska. Department of FIG I Schemauic diagram of& spark gap with geomet:ically enhanced field -p

Eledaical Engineenng,. Lincoln. Nebraska 68M distortion at the main electrode
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Thetoam ELICTUOC S

MATCHING TRANSMISSION CHARGING T ILECT1O 098

RESISTORS UNE UNE

-IF ~FIG. 4. Tnuefa ectde arninamm~t-

F1 I f l w-up. III. EXPERIMENTAL RESULTS

The experimen s performed concentrated on the spark .. 6

pedance/stripe - 100 12). The time constant for the transit gap performance with respect to delay and jitter depending Y.'
time insulation could be varied in the range of 0-5 ns by on the applied voltage in percent of the breakdown voltage. ,.-
moving metal bars connecting the individual transmission The first experiments to determine the optimum type of trig-
and charging lines. ger electrode and polarity were performed with an electrode

Two different electrode configurations were used as geometry as shown in Fig. 3(a) and a circuit as shown in Fig.
shown in Fig. 3. The configuration (A) uses one triangular 5(a). Although the system could be triggered with either p- .i.

shaped main electrode (1) with a pair of two rods as trigger larity, clearly better trigger results were obtained with the ".
electrodes and one rounded main electrode (2), while the electrode (1) being at positive potential and the trigger elec- .

configuration (B) uses a symmetric configuration with two trode being driven towards a negative potential. Triggering .1
triangular main electrodes. The trigger electrodes in any
case were pairs of rods triggering all eight individual gaps at
the same time as demonstrated for the configuration (B) in SECONOARY GAP

Fig. 4. Bare stainless steel bars as well as bars covered with a
dielectric material (glass tubes or epoxy) or with a resistive (a)
material (graphite-filled epoxy) have been used. Rc %

"VThe trigger circuits are shown in Fig. 5. The trigger R V
pulse was provided by a secondary gap which was operated b >
in the self-breakdown mode and the breakdown voltage was V
adjusted through changing the secondary gap electrode sep-
aration. In the hold-off state the trigger electrodes are at the
potential of the adjacent main electrode. When the secon- AT o, (b)

dary gap fires the potential of the trigger electrode is driven R,

towards the potential of the opposite electrode. ANV
For the circuits (A), (B), and (C) the full charging vol- Ro

tage of the line can be applied to the trigger electrode, while
for the circuit (D) both trigger electrodes potentials move
towards the midplane potential of the gap. %

TRIGGER ELECTRODE NIVO""

ELECTRODE (2) ELECTRODE (1) Rb '

LINE(

((b)

0 r

FIG. 3. Electrode geometncs FIG S Tner ctruits
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was possible with all types of trigger electrodes used. Bare termined through measurements of the self-breakdown vol.
metal rods as trigger electrodes had the disadvantage that a tage shown in Fig. 6(a). In these experiments the pair of trig-
very precie symmetric alignment was necessary to avoid ger electrodes was moved in the direction of the
ar between the trigger electrode and the main electrode. interelectrode spacing as shown in Fig. 6(b). The results
The best results were obtained with electrodes covered with clearly show the shielding of the edged main electrode result-
a dielectric layer (glass or epoxy). Since the system perfor- ing in an increase of the self-breakdown voltage of more than
mance did not depend on repetition rate (10 -2-1 Hz) surface a factor of 2 compared to the gap without trigger electrodes.
charges on the surface of the dielectric seemed not to affect For optimum shielding no significant difference was ob-
the performance of the trigger method at these low repetition served for the two different types of trigger electrodes. The
rates. Surface charges could be eliminated with resistive lay- maximum self-breakdown voltage observed is nearly the
en instead of a dielectric, but arcing to the trigger electrode uniform field breakdown value.
again required precise alignments unless layers with high The following measurements on the trigger perfor-
resistivity were used (thickness -0.5 mm, resistivity -10 06  mance were obtained with the circuit in Fig. 5(a) and 5(d) and
a cm). a positive charging voltage. All experiments are performed

The circuits in Figure 5(b) and 5(c) are equivalent to in atmospheric air. The rise time of the trigger pulse was of
circuit (A) since only one pair of trigger electrodes changes the order of 12 ns. Delay and jitter were determined by mea-
its potential. No significant differences in the performance of suring the time between the voltage rise at the trigger elec.
the spark gaps was realized for these circuits as long as the trode and at the main electrode. Figure 7 shows the delay
right polarity was used. The performance of the gap with the depending on percent self-breakdown voltage (% Vs) for
circuit shown in Figure 5(d) was significantly worse with the two circuits. It should be pointed out that the maximum
respect to delay and jitter. voltage of the trigger pulse always equals the charging vol-

The optimum position of the trigger electrodes was de- tage in the circuit used. So with a decreasing value of % Vs"
the maximum voltage of the trigger pulse automatically de-
creased.

(a) As demonstrated in Fig. 7, a minimum delay time of 9
ns was achieved with circuit Fig. 5(a) for a self-breakdown
voltage of 15 kV. Above 90% Vsg self-breakdown the delay

20 does not significantly change with % Vss as required for

BARE METAL RODS .. " 

METAL .. ~ WITH GLASS
RODS DIELECTRIC 1000

LAYER

Z

1.1 . %•CIRCUIT AS IN

TRIGGER~~~~IG ELCRD POST)O (1unr

Im %

d100 .

10 CIRCUIT AS IN
10 ELF-BREAKDOWN VO LTAGE FIG. 5(a)

WITHOUT TRIGGER ELECTRODES (

TRIGGER ELECTRODE POSITION (lmm/diw) a

ELECTRODES %Vue.

FIG 6. Self-breakdown voltage as afunction oflnggerelectrode position (a) FIG 7 Delay vs % self-breskdown voltage for two triger circutt
ad electrode 1eometry (b) ( 0V, - 1 kV1

J App Ph, Vol 57, No 7. 1 April 1985 Schaefer &ItA/
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U.trigger electrode connected electrically to electrode (2), a

very high electric field exists in the vicinity of electrode (I),
while a much reduced field is produced in the main gap re-

CICUIr As IN gion between the trigger electrode and electrode (2). Two ."
noG. 6 E) mechanisms for triggered breakdown seem possible. In the

first, a streamer is launched inside the high field region, and
propagates past the trigger electrode into the low applied
field region. Propagation continues because the streamer
body forms a weakly conducting needle connected to elec-
trode (1), thereby producing high electric fields in the vicini- ..

ty of its tip. After the streamer has traversed the gap, ohmic
ccuAheating occurs and converts the weakly conducting channel "

Fla. () left by the streamer into an arc channel.
In the second case, initial breakdown occurs through a

purely Townsend mechanism. In this case, the criterion for
breakdown is that sufficient electron avalanche multiplica-

I0 tion occurs so that one electron leaving the cathode may -
reproduce itself at the cathode through the avalanching and ,
other appropriate secondary processes. Here, the relevant
quantity is the electron amplification due to impact ioniza-
tion, A = foa(E Jdx, where E = E (x) is the applied field, as-
suming no space-charge distortion. E is subject to the con- -.

straint foE (x)dx = V, where V is the gap voltage. Since the -

impact ionization coefficient a is a strongly increasing func-
tion of field for fields around the breakdown field, the ampli-

so 60 70 so 90 100 fication factor A will be much larger for the highly nonuni-
% Val form field produced in the triggering state than for the

FIG. S. Jiter vs % self-breakdown voltage for two tinuer circuits uniform field produced when the triggering electrode is con- %
(Vs,. - I kV). nected to electrode (1). Thus, according to the Townsend .:

criterion, the gap may be strongly overvolted in the triggered
configuration, while remaining undervolted in the normal

multichanneling or parallel triggering of several gaps. configuration.
Figure 8 shows the jitter depending on % Vs3 for the The experimental data on delay suggest that both

same operation conditions as in Fig. 7. The jitter shown here mechanisms occur. For applied voltages near the static
is the maximum jitter in a series of 20 shots. Close to 100% breakdown voltage, the delay is found to be approximately
Vs3 a jitter of - 2 ns could be achieved. 10 ns. Considering the substantially reduced field in the re-

These results were also proven through parallel oper- gion between the triggering electrode and electrode (2), elec-
ation of the eight gaps with one pair of trigger electrodes for irons emitted from the cathode (electrode (2)] would require
all gaps as shown in Fig. 4. With a transit time insulation of 5 - 50 ns to traverse the gap. Thus, it seems difficult to explain"..
ns, parallel triggering of all gaps was achieved if the charging delay times less than about 100 ns with the Townsend mech-
voltage was kept above 95% Vs5 . Fine adjustment of the anism. At the opposite extreme, delays approaching I ps are s-..
self-breakdown voltage of each gap was difficult, however, observed for low applied voltages. Even considering the di- .- ,
and it is likely that some gaps were operated at significantly electric relaxation time required for a streamer to produce
lower values of % Vsq. the high field enhancements needed in this regime, a stream-

er transit time exceeding 100 ns seems unlikely. Additional
IV. DISCUSSION time is required, of course, to convert this streamer channel r

The exploratory experiments demonstrate the feasibil- into an arc channel but this time should not be a strong e
ity of the propose d jier distortion trigger oncept. Results function of the applied voltage, and considering the 10 ns .

on delay time and jitter indicate tha this method may be delay observed at 95% Vso, shouldnot exceed several tens of .-
suitable for multichanneling and the parallel operation of nanoseconds at 50% Vs3 .Thus the low voltage data suggest M
spark gaps. Field code calculations are required to optimize that a Townsend mechanism is at work. The two mecha-
the geometry for a maximum hold-off voltage in the off-state nisms, streamer and Townsend, are not incompatible, and it

and maximum field enhancement in the on-state. Further is likely that there is continuous transition from one to the

experiments are required with a test gap allowing operation other as the gap voltage is reduced.

in different gases with variable pressure and a trigger circuit
allowing the independent variation of % Via and trigger V PERSPECTIVES
pulse parameters. The proposed trigger concept is well suited to combine

The physical mechanisms responsible for triggering are field distortion with other trigger concepts to improve the
of interest. Referring to Fig. 1, in the triggered state with the switch performance. The important feature of this concept

J. Appl. Phys.. Vol 57, No. 7. Apri N5 Schaeifr etaI

-Vp ~ ...............A .



lr. -71M ~ svvE vrJrrw rI -. - .P .F - -.P Wr - X - I - 7. W- &-- - N

150

here agin is that the field enhancement occurs close to the posed field distortion concept with one of these trigger meth-
surface of one main electrode and that this main electrode is ods would therefore provide significantly improved perfor-
partially shielded from the field in the hold-off state. mance in an undervolted main gap. .

For trigtrons, it is well known that delay and jitter are
drastically improved by overvolting the gap. Subsequently ACKNOWLEDGMENTS
the combination of a trigatron trigger in the main electrode Thi work was supported jointly by the Air Force Office
and a field enhancement generated by a field distortion in of Scientific Research and the Army Research Office. offic

volume close to this trigatron electrode could provide for the

same condition without the need to overvolt the total gap.
The same considerations also hold for those laser triggered
gaps where the laser spark is produced at or close to the 'A. E. Bishop and O. D. Edmonda Proc. E E 113, 1549 (1966).surface of one main electrodes. The combination of the pro- 2J. K. Hepworth, R. C. KIewe, ad B. A. Tozer, Proc. lEE 119, 175 1(1972).
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Field-enhancement calculations for a field-distortion triggered spark gap
B. Pashaje, G. Schafer,*) and K. H. Schoenbachb) -

Depanmseu eEkerical EqcriAS. Texas Tech Universy, Lubbock Texas 79409-4439

P. F. Williams
Department of Electrical Enginerr*& University of Nebraska-Lincoln, Lincoln. Nebraska 68588-O511

(Received 5 June 1986; accepted for publication 1 October 1986)

We present the results of numerical field calculation which supplement a recent article in
which we described a new design concept for field-distortion triggered spark gaps. The r
calculations verify the shielding and field enhancement assumptions made in the article, and
they provide insight into the interaction of the design tradeoffs associated with simultaneously
maximizing the holdoff voltage and the triggering capability of the gap.

Recently we described a new design concept for field- Figure 2 shows the electrode geometry used in these
distortion triggered spark gaps.' Briefly, the design consist- calculations. The gap is taken to have cylindrical symmetry,
ed of a pointed main gap electrode shielded in the untrig- and the figure shows a cross section containing the gap axis.
gered state by the trigger electrode as shown in Fig. 1. The experiments we reported utilized a linear rather than
Triggering was accomplished by changing the potential of cylindrical geometry, but the fields in the two cases should
the trigger electrode from that of the nearby pointed elec- be similar. The gap field was calculated using the code for
trode to that of the opposite main gap electrode. In this con- both the holdoff and the triggered cases for a number of
figuration a very high field is generated at the tip of the point- positions of the triggered electrode. In either case, the trigger
ed main gap electrode, causing large field enhancements and electrode was connected to one of the main gap electrodes. A
rapid breakdown of the main gap. We also reported the re- 17 x 17 element grid mesh was used in the calculations. 0
suits of proof-of-concept experiments which demonstrated Figures 3(a) and 3(b) show the equipotential lines for
the validity of the design. With a simple switch we obtained a the holdoff and triggered case, respectively, for a particular
closing delay of - 10 ns, with a jitter of - 2 ns, for charging positioning of the trigger electrode corresponding to the

voltages of 90% of the static, self-breakdown voltage, gsq. maximum field enhancement factor at the tip of the pointed
We have extended this work by calculating numerically electrode. The efficiency of the shielding of the pointed elec-

the electric field for a gap geometry similar to that we report- trode by the trigger electrode in the untriggered state is ap-
ed on earlier. These calculations verify the shielding of the parent in Fig. 3 (a), where the field is seen to be reasonably
pointed electrode by the trigger electrode and the sensitivity uniform throughout the gap region, with no field enhance-
of this shielding to the position of the trigger electrode. The ment in the vicinity of the pointed electrode. In the triggered
calculations also verify the presence of vey high field en- state, on the other hand, shown in Fig. 3(b), the field is
hancements in the triggered state. In this communication we highly nonuniform, with large fields appearing near the tip
present the results of these calculations and discuss their of the pointed electrode. In this case the maximum field is of
application to the design of field-distortion triggered spark the order of 100 times the uniform field value. Corona and
gaps such as we described previously, other phenomena associated with high overvoltages would

The numerical code we used for the field calculations be expected to appear promptly at the electrode tip with %
was written by researchers associated with the Tetra Corpo- triggering. %

ration, Albuquerque, NM, for analyzing the field distribu- We can define a field enhancement factor # as the ratio
tion in discharges for lasers and switches.2"3 Briefly, the code of the maximum field at the surface of an electrode, E,,., to
operates by determining a set of boundary-fitted coordinates the mean field in the gap, (E ),6 = E /(E). Figures 4 (a)
which match the given boundary value surfaces. Laplace's

equation for the electrostatic potential is then solved in these
coordinates using a successive over-relaxation technique,
and the electric field is determined by taking the gradient of
this potential numerically. Although the configuration of
interest here contains three electrode surfaces, the potential
of two of these surfaces is the same in the two states of inter-
eat (holdoff and triggered) so that the boundary condition
specification for the code consisted of two surfaces, one sur-
face in each case containing two electrodes. \W

"'Present address Department of Ekectncai Engpneertng. Polytechnic Urn-
veruty of New York. Farmingdak NY 11735.

iPresent address Department of Electrica EI ineering. Old Dominion
Uusveuaty, Norfolk, VA 23501. FIG I Schematic drawing of the trnienns concept discussed in Ref. I
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FIG. 2. Drawing showing the ekcrode geometry used in the calculations

and 4(b) shown6 at both the pointed main gap electrode and
the trigger electrode as a function of trigger electrode posi-
tion in the holdoff and triggered states, respectively. In these ,
figures the position refers to the center plane of the trigger .
electrode. When the trigger electrode is placed well behind j 0
the tip of the pointed electrode, we see that the field enhance- T044 m Cge LECmoee
ment factor 6 in the holdoff state [ Fig. 4 (a) ] reaches a value
of -6, which corresponds to the field enhancement of the S.,

bare, unshielded, pointed electrode. For trigger electrode -,.0 "8 0* a " ,,s ...r
(b)

TRIGGMER LECTROE POSITION (mm)

10 FIG. 4- Plots showing the naximum field enhancement factor at the point-
ed electrode and the tnggeed electrode as a function of the poition of the
cter plane of the trigger electrode (a) Holdofstate. (b) Tnggered state.

Is
00 the field enhancement factor falls to nearly unity, indicating

that the holdoff voltage of the gap will be comparable to that
of the uniform field gap. Figure 4(b) shows that in the trig- I

-as. gered state the maximum field enhancement at the main gap
g electrode peaks sharply for a trigger electrode position about 16

1.2 mm in front of the main electrode tip. For this design the
-90 --- trigger electrode position for maximum triggered state en- ".

hancement is nearly the same as the position for minimum I'.
holdoff state enhancement, a desirable condition for achiev-

so ing maximum holdoff voltage with maximum triggering ca-
pability.

In the experimental work we previously reported,' we
J " found that the breakdown voltage in the untnggered state

was a strong function of the position of the trigger electrode,
s peaking sharply at a position just in front of the main elec-

trode point. In order to compare this empirical result with
our field calculation results, we assume that the breakdown
condition is determined by the maximum field found any- %
where in the gap. Thus, the ratio of the actual breakdown
voltage to the breakdown voltage of a comparable uniform

•0 •field gap will be proportional to the inverse of the field en-
-b) -,as o a, 0 V s hancement factor, 1/. In Fig. 5 we show I/#8 and the em.

AXIAL POSITION 1rm pirically determined breakdown voltage, both normalized
with respect to the maximum value in the untriggered case,

FIG. 3. Plots showing the calculated equipotentials for the spark pp The
position reersto the center plane ofthe trier electrode. (a) Holdofi state plotted against trigger electrode position. The results are
(b) Triagd state. similar in both the experimental and theoretical cases. There

J. AppI. Phy., Vol. 61. NO, 2, 15 January 1987 Pas eta
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0is reqiuired to refine and determine the limits of the design
coneptwe ropsedearlier.' Of perhaps more importance,

however, is the development of understanding of the trig-
• agered breakdown process itself in these gaps. We believe that

breakdown is initiated by the creation of a streamer in the04 /highly field-enhanced region just outside the pointed main
lei gap electrode which then propagates across the gap. Very

little quantitative information is available, however, about
* m. €the propagation of streamers in such highly nonuniform

fields. Even less is known about the propagation of these
o .... ... . .. . . streamers in the substantially reduced field present in the

-so .8s 00 as so ,s gap between the trigger and the opposite main gap elec-
Th1Gn ELEcTRON POSITION , trodes. It is quite possible that an optimum design would

FIG S. Plots companng the numerical estimates with experimental results involve setting the trigger electrode potential at some value
for the maximum holdoff voltage in the untnggered state as a function of between the potentials of the two main gap electrodes in the
triger electrode position. (a) Experimental results from Ref. I plotted nor- triggered state, or using a selected trigger pulse length in
malized to the maximum holdoff voltage observed. (b) Plots of the inverse order to provide high fields for streamer initiation, but then
ofthe maximum field anywhere in the gap (E') as a function of electrode
position, normalized to the minimum value of E'( E wm) . In the simple to provide a field near the uniform field value for propaga-
model discussed in the text, the trigger electrode position producing E ;,, tion across the main gap.
should produce vs,, . The authors are grateful to Dr. W. Moeney and Dr. M.

von Dadelszen of Tetra Corporation for making the field

is a small difference in the position of the maximum break, calculator code available to us and for helpful comments and
down voltage and the minimum field enhancement factor, advice on using it. This work was jointly supported by
but such a difference is not surprising in light of the differ- AFOSR and ARO.
ence between the geometries in the experiment and calcula-
tion, and the simplicity of the assumption that the break- 'G Schaefer. B. Pashaie. P F Williams. K H. Schoenbach. and H Krom-
down voltage is determined solely b) the maximum value of pholz, J Appl Phys. 57, 2507 (1985).
the field anywhere in the gap. 2P. J. Roache. W. M Moeny. and J. A Filcoff, in Proceedings of tie 3rd

We have shown that with proper understanding of the IEEE Pulsed Power Conference. Albuquerque. NM, edited b) T H Marnin

physical mechanisms involved in the trggered breakdown of and A H Guenther (Texas Tech Press. Lubbock. 1981 ). p 282
'P J Roache. H J Happ. and W M Moeny, in Proceedingi o, the 4Ath

spark gaps, new and potentially improved designs for these IEEE Pu/sed Power Conference. Albuquerque. NM, edited b. T H Mart,
devices can be generated. Clearly, more experimental work and M F Rose (lexas Tech Press. Lubbock. 1983). p 426
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Transmission Line Current Sensor

H. Krompholz, K. Schoenbach, and G. Schaefer

Department of Electrical Engineering
Texas Tech University
Lubbock, Texas 79409

Abstract

A matched slow wave transmission line circuit of the transformer can be describ-
is used as a current probe. It provides a ed as a transmission line (Pig. 1) with
linear response, fast risetime (< 2 ns) distributed induced voltage sources
and high sensitivity ( a1 V/A) for current N M0 dI
pulses up to microsecond duration. The Vldz 0 S- dz (2)
duration of a distortionfree monitored ID (2v)2 dt
current pulse is limited bl dispersion in
the slow wave transmission line. where P is the major diameter, S is the

cross-sectional area of the coil. The
probe current i is then described by the

1. Inductive Current Sensors inhomogeneous wave equation

Rogowski coils are commonly used as a 2 1 1 2 d2 1

current sensors in pulsed power experi- (3) %
ments. They consist of a helical coil It2  L'C; 2 Ndt2

placed around the current to be measured %.
with an induced voltage related to this and the boundary conditions: shorted at
primary current. In the usual mode of one end, terminated with the resistor R at
operation, the coil is terminated with a the other end.
sinall resistance R. The output signal,
i.e. the voltage measured across this ,dVt
resistor is indZW

V(t) - ()x (t')t))d (1 000 Oj00
where N : number of turns C'dz

L - coil inductance -
dI/dt a time derivative of the .

current to be measured. T
The risetime of these devices is

usually in the order of I ns with a
sensitivity III R/N in the order of 10- 3  Fig. 1 Equivalent Circuit
V/A. For high current experiments this
sensitivity is sufficient, for currents
less that 100 A, however, characteristic In order to illustrate the response of
output signals are in the millivolt range such a transmission line current sensor,
and therefore susceptible to noise, an input current I(t) as a unit step

function is assumed producing output zZ-
2. Transmission line current sensor signals as sketched in Fig. 2. Using the

lumped parameter description for R<<-7-,
A more detailed consideration of this an exponentially decaying output signal is

current transformer - especially for produced, whereas the transmission line %
temporal variations of the primary current properties generate a stepwise decreasing
in the nanosecond regime - has to take function due to reflections at both ends
transit time effects into account (2j. In of the line. If the terminating resis-
this approximation the distributed tance is large compared to the line
capacitance between coil and surroundings impedance, the output is oscillatory with
(e.g. an electrostatic shield) enters as a periodicity of four times the transit
additional parameter. The equivalent time.

Repnnied from PROCEEDINGS OF THE IMTC - IEEE INSTRUMENTATION .

AND MEASUREMENT TECHNOLOGY CONFERENCE, Mamh 20-22, 1985

CH2159-2/5/0000-0224 $1.00 C 1985 IEEE

%A.
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For the matching terminating resistor duration of the primary current pulse, the
(R=Vlt7) the output voltage is exactly probe acts as an ideal current transformer
proportional to the primary current for (output voltage exactly proportional to
times smaller than twice the transit time input current). High sensitivities in the

order of 1 V/A are possible, and the.e
transit time T can be increased by either

T- V LC (4) high values of the distributed inductance
or the distributed capacitance.

resulting in the response on the general
input I(t) 3. Experimental device

R
V(t) "- 11(t) - I(t-2T)J (5) In order to utilize the concept of a %

2N waveguide current probe with high transit
From equations (4) and (5) it is time, a matched device has been construct-

obvious, that for a transmission line ed which consists of a helix in a slotted
transformer the sensitivity and character- metallic torus with high capacitance
istic time of the system can be adjusted between helix and torus [3] (Fig. 3, Data
independently from each other, whereas in are given in Table 1).
common Rogowski coils there is always a
trade-off between sensitivity and decay .-
t ime.

lurnpe~i pofrAL/Rz1lO T)
5J.

_ CURRENT l(t)

o 2 6 82

Ra 10 Ze

-CR N TURN COIL
Fig. 3 Experimental 

Current Probe

Table 1 -'e

R RZ 1 (mumber of turns) :400
p (major radius) :8.7 an
d1 -d 2 (sides of cross section) :1.06 cm
L' (inductance per unit length) :1.518 H/cm
C' (capacitance per unit length) :19.2 pF/on

______________ _ Iz (characteristic impedance) :280

0 2 '. 8 8 .±_ v (propagation velocity) :1.9Xl0 8ai/ %S
2T T (transit time) :290 ns

Rw (wire resistance) :1.8
Fig. 2 Unit Step Response for Different S-_- (sensitivity) :0.35 V/A

The probe has been tested in a coaxial '.

For the transmission line probe, two 50-Ohm cavity with rectangular input
modes of operation and evaluation depend- current pulses of variable duration.
ing on the ratio of pulse duration and Examples for input current pulses and
twice the transit time are possible. If responses are depicted in Fig. 4. Figure
the duration of the primary current is 4a shows the risetime in the order of 2 ns.
larger that 2T, a simple discrete time For input current duration < 200 ns the
shift deconvolution (inversion of equation output is proportional to the input, for
(5)) allows reconstruction of the primary hig~her input current durations increasing
current from the measured voltage. If, on oscillations are observed indicating
the other hand, the transit time is deviations from the simple transmission
increased to values larger than the line model (Fig. 4b, 4c).

-. 5. %J
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directions. The Slit in the outer conduc-
tor which allows the penetration of the
primary current magnetic field into the %
probe prevents azimuthal current flow.
This structure allows modelling of the
outer conductor with currents only in
axial direction.

Maxwell's Equations for this system
have ben solved resulting in the disper-

sinrelation for waves trvelngi
axial direction [4)

2 cot 2*." - I(ia)

C21 I l(Ta)K1(,ta)lo(-tb) .."

(6)
(10 (T,)Ko(Tb) - l0(tb)L(i,)I 4

2 -
hore ~ 2 k2

C 2C

_ is the angle between helical and
azimuthal direction

Io , I1 , Ko , K1 modified Bessel functions
a,b radii of inner and outer conductor.

LC

2t 6PARAMETER No

NORMALIZED FREOUCNCY c Wt

Fig. 4 Measured Probe Responses
a) risetime Fig. 5 Dispersion relation
b) input pulse duration 180 ns
c) step function input The phase velocity w/k as a function

4. Limitations due to dispersion of frequency w is plotted in normalized

units in Fig. 5. The previously discussed
In order to describe the oscillation transmission line behavior with neglected

effects quantitatively, an analysis of the dispersion is given by the limit w-> 0.
system using field theory has been Minimum dispersion is achieved for the
performed. The helical inner conductor ratio of radii b/a of V. Using the
was modeled as "sheeth-helix", i.e. an equivalent data of the experimental device
anisotropic conductor with infinite in Table 1, Fourier transform has been
conductivity in the direction of the helix used to calculate its unit step response.
and zero conductivity in all other The result is plotted in Fig. 6, where an

V.
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second range and a sensitivity in the
Lt order of 1 V/A. This sensitivity is high

enough to measure current amplitudes in
the order of milliamperes with standard

oscilloscopes.
Further applications of the discussed

helical slow wave structures are in the

field of compact pulse generators forrectangular pulses with a duration of
several microseconds and rise and fall
times in the nanosecond regime [51. -

Limitations are imposed by dispersive
effects, however, through careful design
it is possible to minimize these effects
for applications in electrical diagnostics
as well as for pulse forming networks.

TIME t o J3

Fig. 6 Calculated unit step response References A
1. M. DiCapua in "Measurements of

Electrical Quantities in Pulse Power
additional damping factor proportional to Systems:, edited by R.M. McKnight and
the frequency has been assumed. This R.E. Hebner (NBS, Colorado 1982) p.
factor describes dielectric losses in the 175.
system. The agreement between measured
and calculited behavior is good consider- 2. W. Stygar and G. Gerdin, IEEE Trans.
ing the simplifying model assumptions. Plasma Science, PS-10, p. 40 (1982).

To minimize dispersion, the concept
of increasing the transit time by increas- 3. H. Krompholz, J. Doggett, K. Schoen-
ing the capacitance has to be abandoned, bach, J. Gahl, C. Hares, G. Schaefer,
since the ratio of radii is fixed to the and M. Kristiansen, Rev. Sci.
value of feV. Only the inductance (number Instrum., 55, 127 (1984). 1%
of turns per unit length) remains as a 

e.

variable determining the transit time. 4. D.A. Watkins, "Topics in Electro-
Results of pulse response calculations for magnetic Theory", Wiley, p. 62
an optimized coil are plotted in Fig. 7. (1958).

5. H. Krompholz, K. Schoenbach, G.
Schaefer, =Pulse Forming Network Using
a Helical Delay LineO, to be pub-

- a.' ]lished.
d ~i

This work was supported by the Air
Force Office of Scientific Research V
(AFOSR) and the Army Research Office (ARO).

U'.

TIME C no I

Pig. 7. Calculated unit step response of
optimized probe (input pulse
risetime 2 ns)

4. Discussion
'60

Consideration of current sensors as
transmission lines including dispersion %
show the feasibility for construction of
distortionfree current sensors with a
large transit time of up to the micro-

.%%
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Seattle, WA, June 1986 SLOW WAVE LINE-TYPE PULSERS

H. rompholz . R.. Cooper. J. Doggett !
. P

K. H. Schoenbach
2 .and C. Schaefer

3

Texas Tech University

Dept. of Electrical Engineering/Couputer Science
P. 0. Box 4439

Lubbock. TX. 79409

Abstract impedance of 50 0 and to operate at voltages greater
than 20 kV. In addition, the pulser was desired to be

Two different high voltage, line-type pulsers, compact, light in weight. inexpensive. and simple to

each with a risetime of less than 10 ns and a construct. Two different designs for "hybrid" pulsers

potential pulse length greater than I lis. have been were investigated in an effort to meet these

designed. constructed and tested. These devices specifications. The configuration and desig-

produce square pulses which remain extremely flat for considerations of each of these is described below"

the majority of the pulse length. The pulsers can both _ _ _-__ _

be described as an intermediate step between a Desirn and Theoretical Considerations

transmission line. with its distributed capacitance
and inductance. and a pulse forming network One of the devices which was considered is showrn

constructed with discrete components. The devices can in Fig. I. It is a coaxial system with copper tape
be designed to have impedances less than 10 0. can be wound in a helix Around a form for the center

switched by conventional spark gaps. are extremely conductor and a solid outer conductor. The outer

compact in size. and can be operated repetitively. The conductor has a slit in the axial direction which

configuration of such pulsers is similar to that of prevents current flow in the azimuthal direction. Thr

certain types of delay lines. Slow wave structures dielectric for this pulser is water. Devices similar

s-.;ch as this are by their nature dispersive, which
causes some distortion of the tail of the pulse. This

distortion can be eliminated by means of a crowbar Ouler conductor

circuit. 
wih longitudinal

Introduction

applications, there is a need for a high voltage
pulser which has a risetime of the order of

nanoseconds. a constant voltage amplitude throughout
the pulse. a relatively long pulse duration, and a

moderately low impedance. A charged piece of high 5.

voltage cable can produce a pulse with a fast risetime
and a flat top. but the pulses are usually limited in Tapehehx
length to less than 100 to 200 ns due to practical cenlerconuc!orle

considerations. Also. the choice of impedances
available for these cables is rather small. A pulse
forming network can deliver a long pulse and can be Fig. I. Helical line pulser.

designed for a specific impedance, but these devices
tend to have slow risetimes (>10% of the pulse width)
and pulse amplitudes which vary considerably during to this have been the subject of previous

the duration of the pulse due to the absence of the investigations [3]. A qualitative description of the

higher harmonics of the pulse [1). If the load operation of this pulser is fairly straightforward.

impedance is well defined, an auxiliary network to the The inductance per unit length for this device. L. is

PFN can be used to decrease the risetime and to smooth given primarily by the inductance of the helical

the top of the pulse, but this technique is not always center conductor. C'. the capacitance per unit length

practical to use. This information suggests that a in th pulser. is. in the first approximation. the

hybrid device combining the features of discrete same as if the center conductor were not a helix but a

component and distributed parameter pulsers may be a solid conductor. The characteristic impedance Z. of a

solution when a fast risetime. long pulse length tr ua s
pulser is desired. transmission structure is 11L'C" ard its wave

The initial motivation for this work was the need velocity is lI/',LCC. In this device. L' is much

for a pulser with a risetime of less than 10 ns and a larger than that of a coaxial device of the saime size

pulse with a constant voltage amplitude to drive a with a solid center conductor. C" is also larger in

discharge for use in diffuse discharge opening switch this case than it would be in a polyethylene

research [2]. The pulse width was desired to be longer dielectric coaxial cable of the same size due to the
than 400 ns. and the device was required to have an high electric permittivity of the water which is usedas the dielectric for the helical line. Since L' and

C" are both much larger than their counterparts in an

This work supported by AFOSR Crant 4 84-0032 ordinary coaxial line. the wave velocity is much

Authors presently with: smaller and as a consequence the pulse length

I. Martin Marietta Denver Aerospace. P. 0. Box 179. characteristic of this device is much longer than the

" Denver. CO. 0201 pulse length produced by a coaxial cable of the same "

2. Old Dominion University. Dept. of Electrical dimensions. By varying the inductance of the center

Engineering. Norfolk. VA. 2350 conductor or the spacing between the inner and outer

3. Polytechnic University. Dept. of Electrical conductors, the characteristic impedance of the device

Engineering. Rte. 110. Farmingdale. NY. 11735 can be varied ''5
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One difficulty associated with slow wave pulsers tw
is the fact that all such devices are dispersive. 1.
e.. the phase velocity in the device is a function of
frequency. This dispersion causes degradation of the
pulse shape which tends to increase with increasing
pulse length. It has been shown by Watkins [4) that
for a coaxial. helical center conductor delay line.
there is an optimal value for the ratio of the radii .
of the inner and outer conductors which minimizes the
dispersion of the pulse. An illustration of this is
given in Fig. 2.. which is a plot of the normalized
phase velocity versus the normalized frequency of the
wave which Is propagating in the device. In this

2
Mylat ma c Alumfnum, S:ee ' l'ea oe 00

16 a 1I z. cot ' 50. PARAMETER b/o

Fig. 3. Magnetic material pulser.

between the two. From the figure it can be seen that ".

the small distance between the conducting disks and
the outer conductor causes the capacitance per unit

length C' of this device to be very large compared to
0° a coaxial transmission line of the same outer diameter

2x and an impedance in the range of typical coaxial

cables (17 - 75 f?). The magnetic material disks have a

1 high relative magnetic permeability IA. which causes

the inductance per unit length L" to be much larger e % -P
S1.than that of a corresponding coaxial transmission

line. Therefore. as in the helical line. the wave

0 velocity l/Jr"7T' is much lower than in a normal
WJ transmissic, line and the pulse lergth is much longer.

The impedance (and the pulse length as well) can be %
2O varied by changing the size of the conducting disks or %

< the magnetic material disks, by changing the %
dielectric thickness. by changing the relative
permittivity c of the dielectric, or by changing the -

1Pr of the miagnetic material. Vork is currently in

progress to model this device in a similar mwrnner to
the modeling of the helical line pulser.

_ _ _ _ _ _ _ _Results and Conclusions %'

0 2 4. 6
FREQUENCY = o A 50 0. 1 meter long helical line of 10 cm

c outside diameter awd 6.06 cm inside diameter was
constructed to test the theory presented above. The %"

Fig. 2. Phase velocity vs. frequency in the helical irmer conductor is a 64 turn 1.27 cm wide tape helix -%I.

delay line. with approximately 0.3 cm spacings between turns. The " .

helical line was tested at low (0 - 50 V) voltages

initially as the charged line in a mercury reed switch
figure. a is the inner radius of the device. b is the pulser to determine its characteristics. The
outer radius. c i- the speed of light in a vacuum. k oscilloscope trace of the voltage output is shown in
is the wave number. w is the frequency, and -P is the Fig. 4. The initial part of the pulse displays some
angle between the direction of the conductor in the overshoot and the effects of the dispersion of the
helix and the azimuthal direction, It can be seen from pulse are evident its tail. The risetime of the pulse
the figure that a ratio of outer conductor diameter to is less than 5 ns and is limited Ly the inductance of
inner conductor diameter of 1.65 is the optimum value the connection with the reed pulser. The top of the
to minimize the dispersion in a helical coaxial line. pulse is flat for 400 ns. and the FLM pulse width is
Note that this constraint eliminates the possibility approximately S50 ns. which corresponds to a transit
to change the device impedance by varying C'. so the rate of 275 ns/m. For comparison, note that the small
only way to tune the pulser to the desired impedance pulse Just before the beginning of the helical line
is to vary the inductance of the center conductor, pulse in Fig. 4 was the pulse produced by the cable

The second type of slow wave pulser examined in connecting the helical pulser to the mercury reed
this work is shown in Fig. 3. It consists of switch. This cable is I meter long. as is the helical
alternating conducting and magnetic material disks. pulser. but its pulse length is significantly shorter.
The conducting disks are electrically connected to a The helical line has also been tested at higher
conductor runnirg through their centers, and the voltages The test circuit consisted of a 0.1 pF
magnetic material disks are insulated from both the capacitor which was used to pulse charge the line
conducting disks and the center conductor which through a spark gap and a 350 0 isolation resistor.
connects them. This entire structure is covered by a The pulse produced by the line was switched through
layer of mylar. then another layer of copper sheet, another spark gap to a 50 0 low inductance load
The copper sheet is the outer conductor of the coaxial resistor. A Pearson coil was used to me-asure the
device, the alternating disk structure is the center current delivered to the load by the pulser. Figs Sa.
conductor, and the mylar layer is the dielectric Sb. and Sc show the output pulses produced at charging

,-'- -,-'.,'... ... ., -... ,. ., - " -. :, ,. -. : >7 " v -," ' ,: .'V " , '""; a; t" "I" , ' % ,"
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this is due to impurities in the water dielectric and-,
thus could be eliminated in a cleaner system.

A device to test the magnetic pulser concept has
also been constructed. The device has an outer
diameter of slightly over 7.8 cm. a conducting disk
diameter of 7.62 cm and thickn~ess of 1.1 cm. The
maignetic disks are a powdered nickel-iron alloy with a

lrof 200. They are square toroids with an outer
diameter of 6 cia and a thickn~ess of 1.2 cm. The mylar
dielectric is 0.0127 cm thick and the device is 23 cm
long (10 stages). Fig. 6 shows the voltage output for
this device obtained with the mercury reed pulser. The
output pulse is 100 ns long FWK4. which corresponds to

a1 217 ns/m transit rate in the device. In comparison.
the transit rate for RC-5S cable is 5.06 ns/m N4o
dispersive effects are evident in this short sect ion
of the pulser. but they should appear when more stages
are added.

Fig. 50). Output pulse of the helical line pulser at a
charging voltage of 4.5 kV. '

Fig.6. utpu Puse o manetc maeril puser T-

tranit rte I 217ns/m

Eachof hesetwodevies as apariculr st o

Fig ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Fg 6.) Ouptpleo h eia ln u ra httewtput pulsey of crintica tomte opuer.to The

chagin votag of6 k tis ec ofThee tmogdeice ha p articularet o fhrhad

nees a wyatr dielectric. tohkee is mpeaance tslow

leogth posstil wsthnpitHvr this device. Aloitapas

limited in current by the saturation flux of the
ftignetic moterlal. If' the current In this pulser Is
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high enough to saturate the msagnetic mterial. then matched to the discharge impedance. One of the pulsers
the device beglsn to act as a capacitor rather than a described above could be used to drive a few
transmission line. For the pulser we constructed, microsecond pulse length laser. The entire system
saturation of the cores occurred at a current of would be co"pact and relatively light in weight and as
approximately 30 A. which is too small to be of such would have a variety of applications. These *

practical interest for most pulsed power applications, devices still require further study, but their
Hovever. if a physically larger device using a potential as useful pulsers is very promising.
magnetic material with a high saturation flux such as
Metglas were constructed, usable power levels could be References
obtained. The charging voltage of such a device is
only limited by the dielectric, so the current is the [1) C. N. Clasoe and J. V. Lebacqz. eds.. Pulse
principal limiting factor. Also. in order to produce enerators. New York: Mcraw-Hill Book Co.. Inc..
pulsers with lorg pulse lengths. some technique to 1948.
compensate for the dispersion of the pulse should be (2) J. R. Cooper. K. H. Schoenbach. and C. Schaefer.
developed. A crowbar circuit is a brute force method "Magnetic control of diffuse discharges.- IEL
of accomplishing this end. but several more elegant Trans. on Plasma Sci.. to be published August
techniques are presently under investigation. 1986.

The devices described above could have a variety (3) M. T. Buttram. -Transmission lines for pulsed
of applications due to their compactness, light power applications." Sandia Natl. Labs. Report
weight, and simplicity. For exanple. some gas SAtMD3-0957. Kay 1964.
discharge lasers operate most efficiently when the (4) D. A. Watkins. Topics in Electromagnetic Theory.
impedance of the source driving the discharge is New York: John Wiley and Sons. Inc. 195.
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An electro-magnetic method for injecting a projectile into a mass driver using a conical liner in proposed

Most of the serious problems for electro-magnetic ac- magnetic pressure, as shown in Fig. 2. The eventual %
celerators of projectiles, such as rail guns" and ablation change of the shape of the cone squeezes the fluid into
mass drivers-" occur at the low velocity section of the ac- the barrel and the projectile, together with the ablator, is
celerator, since most of the electrode erosion occurs in propelled by the fluid.
this low velocity section of the accelerators. Here the low An estimate of the attainable velocity is as follos.
velocity means the velocity lower than about 1 km s '. The equation of motion of the conical shell together with %-
This is because of the fact that the heat load on the sur- the fluid, the ablator, and the projectile is approximately
face of the electrode in the low velocity section becomes described by
extremely high since it is approximately inversely propor-
tional to the projectile velocity. M d- )J.

In order to minimize this problem, the projectile dt 2  2p

should have a high injection speed into the accelerator, where M is the total mass including the fluid, the ablator
Using light gas guns as injectors to gibe an initial speed to and the projectile, I is the total current along the conical
the projectile, however, induces other complicated prob- shell, po. is the magnetic permeability of vacuum, z is the . '-

lems since these guns also inject large amounts of gas into distance along the cone, and g is a constant of order uni-
the discharge chamber where the armature propels the ty. Here, the mass of the moving shell is neglected. If the
projectile. This can, for instance, cause restrike at the length of the cone is h and the current is supplied by a
breech of the gun. The initial projectile speed should, constant current source, the final velocit. r., obtained is
therefore, be caused by other means than using gas
pressure. (,, h

Another serious problem is the stiffness of the ac- pAl
celerator. The operating stress for accelerator rails and in- If the required speed for the injection is t,, 10' m s, eq.
sulators must be low enough to avoid unacceptable
mechanical distortions. This latter problem must be solh- -.r . .

ed by the careful choices and the development of the ,- _ A&AX

materials. We do not discuss this problem in this work.
The purpose of the present letter is to propose a net-

method of injecting projectile into elelctromagnetic ac- .'
celerators. At the exist of the injectors, the projectile .
should have the velocities of the order of a fe%4 km s ' in -
order to avoid the electrode erosion of the main ac- ' ,
celerator. L \ .UL, ,u

A potential alternative method for impacting the Fig I. Struciure of inleclor using a metallih contal hinct

necessary injection speed to the projectile is to use an im-
ploding conical liner which squeezes an insulating work-
ing fluid (e.g., oil) into the accelerator instead of the gas.
The driven fluid can then give the forward thrust to the NON

projectile. This principle of conical liner injector is
shown in Fig. 1. -

The dynamic behavior of the metallic cone is as %:...--. -
follows. Once the switch is turned on. the current flows
along the conical surface (conical z-pinch). As long as the%

current is sufficiently high, the cone is compressed by the
*Ths work was supported b) the AFOSR and ARO TE-

"Insliute of Plasma Physics, Nagoya Uni,,ersit', Nagoya, 464 Japan
- --- Fig 2. Change of the shape of the metalli, cone %hen current i%

*K. Ikuta. M Kristiansen and M F. Rose Submiited to J. Appl Phys driven along it Note the formation of the stem
• ,~ -p. _

.'.-.',.'.,-.'-.'_...-.',, .,'-.'.."•" ", , ..", "- ::.: ' ¢:e" Z'Z' ,v ..,,f* ',-' ¢.'" ,*,'" " ",',,.-":."'.. ,.,,., -
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Conical Liner Implosion as a Projectile injector for Mass Drivers

(2) is reduced to the order of 10 amperes. The quasi-steady current of
Fh order 10' amperes should be obtained by the method

-=0.25 x 10" (3) employed in the work."
M In addition, it is possible to compress the liner b% in-

in MKS unit. Specifically, when the current I, is 106 duced current azimuthally on the surface of the liner (con-

amperes and the mass, M, is 0.1 kg, the length of the ical 0-pinch), although only the case of conical z-pinch
cone becomes compression of the liner is discussed in this work. In spite

of less efficient acceleration with a conical 0-pinch than
h=0.25 (meter). (4) with a conical z-pinch, the non-destructible conical 6-

In conclusion, we have suggested a possible method pinch accelerator is possible.

for injecting the projectile into an electromagnetic mass References
driver without using gas pressure. The necessary cone for
the acceleration of the projectile is acceptably short, pro- I) S.C Rahcigh and R A MarhaI Appi Ph24 41 I9'8,2 4cM

vided that the driven current along the conical shell is of 2) K Ikuja ipn J ApI Ph, 14 19.'I) 6

..

o 'a

.0

Q.5°

?.

% S

*. "r

'p.'4

.'.5



Appendix U 164

DEPARTMENT OF THE AIR FORCE
AIR FORCE WRIGHT AERONAUTICAL LABORATORIES (AFSC)

K > WRIGHT.FATTERSON AIR FORCE BASE. OHIO 4S433 p4
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REPLY TO J^,T. OF. F1 5 JUN 1985

sUDJE9C! Appreciation

To, Dr Marion 0. Hagler
Chairman, Dept of Electrical Engineering
Texas Tech University *1

Lubbock, Texas 79409

1. The Flight Dynamics Laboratory of the Air Force Wright Aeronautical
Laboratories wishes to express its appreciation to Dr M. Kristiansen, Read

of the Plasma and Switching Laboratory, for his outstanding contributions
to technical discussions held at Maxwell Laboratories, Inc., San Diego, CA,
on I May 1985.

2. These discussions were conducted to solve problems with a pulsed power
KrF laser triggered crowbar switch which is a critical component of a full
threat lightning simulation generator. This generator is being built under
contract for the Air Force's Atmospheric Electricity Hazards Protection
Advanced Development Program (AFIAL/FIEA). These problems had plagued the
contractor for over a month and had delayed the delivery of the generator.
This delay was costing the Air Force money as it further delayed other
Air Force contracted efforts.

3. Dr Kristiansen contributed significantly to the technical discussions
at Yaxwell Laboratories which resulted in a concise detailed plan of
approach to solve the probles with this pulsed power switch. Prior to the
discussions, Dr Kristiansen identified to the Air Force those individuals
in the United States who could contribute most significantly to these
discussions. He solicited and arranged the participation of Dr A. H.
Guenther, Chief Scientist, Air Force Weapons Laboratory. Unable to attend
the Thursday neetings due to prior co itments, he arrived two days early
and set the stage for all discussions which followed. le determined
concisely the problems, made significant reco=endations and pre-briefed
the other participants. As a result of his efforts, the technical
discussions held on Thursday were a monumental success. Dr Kristiansen's
superb technical abilities in the area of pulsed power and his extreme
interest in solving this significant U.S. Air Force problem bring credit

upon himself and Texas Tech University.

4. For providing his superb technical abilities, arranging his schedule to
participate in the technical discussions and his outstanding contributions
to the solution of this Air Force problem, the Flight Dynamics Laboratory
is extremely grateful and wishes to express its appreciation to
Dr Kristiansen, Bead of the Texas Tech University Plasma and Switching

Laboratory. ,

Acting Director
Flight Dynamics Laboratory
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Electron-beam tetrode for multiple, submicrosecond pulse operationa) 165

C. H. Harjms K HK Schonbach, G. Schaeer, M. Knisen, H. Kromphotz, and
D. Sitagg
Deparmn efEc,'W Enusnenns. Texa Tech Uukvsiy Lubbock. Texa 79409
(Received 9 April 1984; accepted for publication 4 June 1984)

The design and the operation of a 250-kV, 400-A, e-beam tetrode is described. A simple trigger
circuit allows the generation of a burst of e-beam pulses with variable pulse duration and pulse
separat Oim

INTRODUCTION The control grid is located 0.4 cm above the filament

There is an increasing interest in fast, repetitive opening array. It is formedbyan amy of 25-m-dim molybdenum
wires stretched across a 17.5-cm-diam circular hole in theswitches for inductive energy storage systems.' Am opening outer shell of the cathode assembly. A negative bias voltage,

switch concept that shows promise for fast, repetitive opera- ot = Wsheld t the ssembol tie bas oltaev
tions is the electron-beam-controlled diffuse discharge V, -4kV, is applied to the grid to hold the c-beam off, even
switch. ' It contains a gas mixture which becomes conduc-
tive when an ionizing e-beam is injected. When the e-beam is
turned off, electron attachment and recombination pro- a)
cesses cause the reduction of the electron density in the gas .......
and the switch opens. For the investigation of e-beam-con-
trolled conductivity in switch gases, an e-beam tetrode was TUBE "R,
designed. The operating characteristics are: (a) burst mode
operation in the Mpps (Megapulses/second) range;, (b) vari-
able pulse duration and pulse separation; (c) turn-on and
turn-off times in the range of 10 ns; (d) variation of e-beam r

energy (E, <250 keV); and (e) variation of e-beam current
density V,'z e4 A/cm2).

I. ELECTRON-BEAM GUN

- A cross section of the tetrode is shown in Fig. I(a). The
cathode is located in an evacuated (p = 2 X 10- 7 Torr) Pyrex CURRENT 44

cylinder, between the two plates of a stripline. The anode SENR VACUUMI
consists of a grid of 250-/pm molybdenum wires at a distance PU-,

of 7 cm to the cathode. The anode grid covers the entrance of
a 12.9-cm-long drift tube which is terminated by a 2Sum b) SHITDIL " rA.

titanium foil. The foil is supported by an array of titanium / CONTROL FIRLM

bars. The bottom plate of the stripline is grounded and the e- HEATED FILAMENTS

beam voltage is applied to the top plate by a two-stage Marx SPREADER PLATE

generator. The generator (Physics International Co. FRP- Z
250) can deliver a maximum voltage of 250 kV with a 10-ns -
rise time and with an exponential decay time constant of
about 2.5 pa into a 300-.0 load.

A more detailed cross section of the cathode is shown in
Fig. l(b). The electron source is an electrically heated array
of 375-pm-diam thoriated tungsten filaments. A negatively
biased spreader plate (V, - - 500 V) prevents electron cur-
rent flow from the filaments back to the grounded cathode
base when no plate voltage is applied. At a filament tempera- WTH COUNOG
ture of about 2100 K, the e-beam current density is about 4 1cLOOP
A/cm 2 over the 100-cM2 cross sectional area of the beam. 10 CM

The current density can be varied independently of the accel- Ftc I. (a) Cross setion ofr -beam tetrode (b) Cro section oco cthode as-
erating voltage by adjusting the filament temperature. aembly.

164 tev. . Inetnhm. 5l5(10), October 1t44 0034-6748/841101654-03$01.30 (J 1984 American InsUtut* of Physics 1644
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when the accelerating voltage is applied to the plate. The e- 
1

beam is turned on by applying a positive voltage pulse of
typically V2 = + 4 kV to the grid. A second grid, which is
biased to + 4 kV, shields the control system electrostatical-
ly. It is positioned 0.6 cm above the control grid. The gnds
and cathode are connected to external power supplies
through high-vacuum electrical feedthroughs located in the
aluminum base of the cathode. The base is water cooled and
serves as a heat sink for the cathode.

It. CONTROL SYSTEM Ps

The pulser driving the grid is depicted in Fig. 2(a). It FIG. 3. Grid puliser ,gnal output into tOO-kO load
consists of two, 7547 cables (lengths d, and d2) separated by a-
triggerable spark gap. Cable I is connected to the grid, as
shown, and is charged to the negative bias voltage - V,.
Cable 2 is charged through a 10-MIJ resistor to the voltage
+ V2, After triggering the spark, the positive voltage from and of the second and third pulses 20 and 30 ns, respectively.

cable 2 propagates towards the grid, is reflected with the The reduction of the pulse amplitude is not important as
same polarity, travels back to the charging resistor, and is long as the pulse voltage is above the threshold voltage for e-
reflected again. The negative bias voltage from cable I is beam turnon.
reflected at the open end, etc. Hence, the cable pulser with ,

two open ends generates a periodic rectangular grid voltage Ill. ELECTRON-BEAM CURRENT MEASUREMENT
V,, with alternating polarity as shown in Fig. 2(b), and the
electron beam is repetitively turned on and off. Measurements of the electron-beam current at the cath-

The primary advantage of this pulser is its simplicity ode and at the anode-after passing the titanium foil-were ,.'J.
and versatility. The pulse magnitudes are variable by chang- performed with transmission line current transformers
ing the cable charging voltages, and the pulse width and Figure 41a) shows current signals, i.,, (t , recorded at the
pulse separation can be adjusted by changing the lengths of cathode. The e-beam current pulses shown in Fig. 4(bi are
the cables. However, due to the effect of the capacitive termi- evaluated from these signals by using the relation i ,, = I/
nation in the tetrode and cable dispersion, subsequent pulses (2N) (I (t) - I(t - T)), where I (r) is the current to be mea-
are degraded. This degradation limits the useful length of the sured, T denotes the coil transit time, and Nis the number of
pulse train to three or four pulses. The output of the grid turns 5 The decay in amplitude is caused by the exponential .4%

pulser, when fired into a 100-WI? dummy load, is shown in plate voltage decay. Because of the reduced transmission of
Fig. 3. The rise and fall time of the first pulse is about 10 ns electrons through the foil at lower electron energies, the ef-

fective time of operation is limited to approximately lpus for
the voltage generator used in this experiment. %

a)

"V V " "
TE TROO)E L i i _ _ -

TRIGGER

b) ..

0.-

I-,' '*

TIME 10 'nsIdiv)

FiG 2 (a) Schematic diagram of grid pulser (bl Ideal output signal of the FIG 4 l Current signal% obtained sth transmimton line current trar,
grid pulser former at the cathode 1b. Corresp,,nding -eam pul,.%

1"S Rev. Sc. Instrum., Vol. SS, No. 10, October 1964 Electron beam titro . 185
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Pulsed Hollow Cathode Discharge with
Nanosecond Risetime

GERHARD SCHAEFER, SENIOR MEMBER. IEEE. PER 0. HUSOY, KARL H. SCHOENBACH, SENIOR MEMBER. IEEE.

AND HERMANN KROMPHOLE, SENIOR MEMBER, IEEE '

Akbeffot-Thi p~a reports the operation of a cylindrical holow INSULATOR SPACER
cathode diachap with crren* thetimes of a few nanoseconds at current SIDE WINDOW

densitie at the entrance of the cathode in the rnge ofS0-560A -cm END WINDOW
Snd at voltagu of 280-450 V. Time-dependent meauarements of the ANODE
impedance of the dischare are presented. They allow for the evalua-
tion of dischge quantities uch as risetime, delay time, discharge volt- C EPOXY

age, and ciureat, depending on the operation parameters as applied 9 Q 1P , COAX-

voltage, pressue, and paionization. The power densty in the active--
region of the hollow cathode exceeded 200kW - c..

1. INTRODUCTION PUMP

HE ENERGY LOADING of discharges for TEA lasers and GAs au, cATh'H .
JL Diffuse Discharge Switches is mainly limited due to insta- Fig. 1. Design of hollow cathode.

bilities caused by the use of admixtures of attachers [1]-[3].
In most cases, streamer development and subsequent arcing high.lying leveb to produce a popuhtion inversion for a laser
starts at the electrodes, preferably at the cathode [I. Reduc- is, in general, supported by a fast risetime of the excitation -
tion of the electric field intensity in the cathode region could poes
delay or even prevent the onset of instabilities. Hollow cathode process.discargs (CD)areknon t opeateat owe poental if- The feasibility of these HCD applications strongly depenis
discharges (HCD) are known to operate at lower potential dif- on the risetime that can be achieved with hollow cathode dis- .'
ferences then plane electrodes 141. Therefore TEA laser elec- charges. It is known that in the steady-state operation the hol.
trodes with a large number of small holes may allow operation low cathode makes more efficient use of the UV light emitted
of discharges with a lower cathode fall voltage. Hollow cathode from the negative glow and collisions of ions and excited parti-
discharge operation, however, is restricted to a certain range of mes (in rare gases preferably mestables) with the cathode sur-ant

pD (1 ton cm 4 pD 4 10 torr cm, for rare gases), where p is face. The build-up mechanism of the HCD and the dynamic

the gas pressure and D the diameter of the hollow cathode [4]. of the densities of these species in the hollow cathode, how-

This range is shifted to smaller values of pD if molecular gases ever, has not yet been investigated. The aim of this work,

are used. For atmospheric pressure the holes should have di- therefore, was to investigate the initiation characteristics of
ameters of the order of a few microns depending on the fillinig the hollow cathode discharge and to operate a hollow cathode
gas. In addition, such an electrode structure may allow one to with fast risetime and at high current densities.
flush the hollow cathodes from the back side with a very slight
flow of an atomic gas (preferably a rare gas) and, subsequently I!. EXPERIMENTAL PROCEDURE
further reduce the potential difference across the cathode fall.

At this time an important application of dc hollow cathode The design of the hollow cathode discharge device is shown

discharges is its use as the active medium of a gas laser [5]. In in Fig. 1. Similar designs have been used for dc discharges 171.
a recent paper it was also demonstrated that pulsed hollow The cathode is a 3.86-mm inner diameter stainless steel tube.
cathode discharges alow one to produce high densities of ex- Anodes were made of aluminum and stainless steel. The spacer
cited states with energies of several tens of electronvolts above between cathode and anode is a 10-jum thick mylar foil. End-
the ground state [6j. The efficient use of the excitation of on and side-on windows allow optical diagnostics of the hol-

low cathode discharge. Except for the discharge itself the
Manuscript received April 18, 1984. This work was supported by the HCD device is totally matched to the impedance of the cable

Center for Energy Research, Texas Tech University, Lubbock, TX, and Z 0 - 75 il (Belden 8870). The dielectric in the cathode re-
by AFOSR.

G. Schaefer, K. H. Schoenbech, and 11. Kromphole are with the De. gime is a clear epoxy.
partment of Electrical Engineering. Texas Tech University, Lubbock. The experimental setup is shown in Fig. 2. A charging cable
TX 79409.

P. O. Husoy was with the Department of Electrical Engineering.Texas with the length Ic is charged by a power supply and discharged
Tech University, Lubbock, TX 79409. He is now with the Technical by a spark gap into a transmission cable. The voltage is adjusted a

University of Norway, Trondheum, Norway. through pressure controlled self breakdown. The transmission

0093-3813/84/1200-0271$01.00 ) 1984 IEEE
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Fig. 4. Delay time (o, a. 6) and risetime (&) for the initiation of thee
vo. pulsed hollow cathode discharge in helium versus dc-preionization

Tcurrent with the charging voltage as variable parameter.

WOIVAQI 9eESOUAtOft 6 A

Fig. 3. Three typical ostillograms measured with the voltage probe, for 40
an open end, for a shorted end, and for a hollow cathode discharge. p.

0

line is terminated by the HCD. An additional power supply in -
series with a large resistor is connected to the transmission line
and allows the HCD to operate at a low dc level providing for - ,--
preionization of the pulsed discharge. A capacitive voltage A

divider is located in the center of the transmission line. Since .
the length of the transmission cable 1, is more than twice the a
length of the charging cable (1, < 2 -1,), the voltage probe will MsUgro,, .N
record the incoming pulse and the reflected pulse from the Fig. 5. Delay time (o, o. A) and risetrne (A) for the initiation of the

HCD without overlapping. This setup allows measurement of pulsed hollow cathode discharge versus He-pressure with the charging

the time dependence of voltage, current, and impedance. voltaea rtable paameler.
Typical oscillograms of the voltage measured with the voltage--,

probe are shown in Fig. 3. For clarification of the evaluation charging voltage: 2kV V o 13 kV
method three voltage traces are superimposed: one for a typical preionization current 0 mA •/p; • 10 mA.
hollow cathode discharge, one for an open end (infinite imped. With the stainless steel anode, operation at pressures above
ance) and one for a shorted end (zero impedance). The system approximately 8 tort and charging voltages above approximately
with the hollow cathode acts for a time as an high-impedance 13 kV caused small arcs to bridge the gap between cathode and
system. Then the impedance drops to some value which is anode, but without damaging the system. With the aluminum
considered to be the impedance of the pulsed hollow cathode anode the stable operation regime was further reduced. In ad-
discharge ZHCD: dition, arcing caused permanent damage requiring repolishing

1 V Vof the electrodes.
ZHCD aZ 0  The first important result was that without preionization the _-

.Vo/Vn system acted like an open end, indicating that the delay time
The time interval between the voltage increase of the reflected was at least longer than the pulse length of 50 ns. The depend-
pulse and the onset of the decay of the reflected voltage is con. ance of the delay time on the preionization current with the
sidered the delay time for the initiation of the pulsed hollow charging voltage as a variable parameter is plotted in Fig. 4.
cathode discharge. The time interval in which the reflected The pressure is constant at 6 tort. At low preionization cur-
voltage changes from its maximum to its minimum (90 percent- rents (below 3 mA) the delay time strongly decreases with in-
10 percent) is considered the riserime of the hollow cathode creasing preionization current but approaches a nearly constant
discharge (see Fig. 3). value above approximately 6 mA. The dependance of the delay

time on the pressure with the charging voltage as the variable
Ill. RESULTS parameter at a preionization current of 6 mA is plotted in Fag.

The operation parameters of the pulsed hollow cathode sys- 5, indicating that the pressure does not significantly effect the
tem were varied in the following ranges allowing for stable arc- delay time, especially for the higher values of the charging
free operation: voltage. At pressures '05 tort the delay time seems to he con-

gas: He with pressures: I tort <p ( 6 torr stant. Fig. 6 shows the charging voltage dependance of the de-
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Fig. 8. Impedance of the pulsed hollow cathode discharge in helium
Sversus charging voltage.
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lay time for a pressure of 6 torr and a preionization current of Fig. 9. Discharge voltage versus discharge current and current density,
6 mA. At low charging voltages the delay time strongly de- respectively. for the pulsed hollow cathode discharge.

creases with increasing charging voltage but approaches a con-
stant value of approximately 3 ns. From Figs. 4-6 it can be seems not to be significant, while there is a strong dependance
concluded that the minimum delay time which can be ob- of the impedance on the charging voltage for values below 5 kV.
tained with this device is approximately 3 ns. For large values (8 kV and above) the impedance tends to ap-

Figs. 4-6 also show the dependance of the risetime on the proach a nearly constant value. The dependance of the imped-
same operation parameters. The general behavior of the rise- ance on the operation parameters is of special importance in
time is similar to that of the delay time although much less designing matched systems for high efficiency.
pronounced. The minimum risetime was TR - 2 ns. This The data used in Fig. 8 also allow the evaluation of the dis-
makes the total initiation time for the pulsed HCD (delay charge characteristic (Fig. 9) and the power dissipated in the e.
time plus risetime) TD + TR = 5 ns nearly independent of the discharge (Fig. 10). The characteristic presented in Fig. 9 in-
operation parameters, if the pulsed HCD is operated in the dicates a nearly constant dynamic impedance with voltages in ,.-.
following range: the range of 300-800 V and with currents in the range of 10-

TD 3-ns delay (,1 > 6 mA (preionization current) 65 A. This results in a maximum current density at the en-

and if p > 5 tort (He pressure) trance of the hollow cathode of 560 A cm' 2 . The maximum

TR 2-ns risetime V, > 6 kV (charging voltage), power dissipated in the discharge was 52 kW. From the side-on
observation of the light emitted from the discharge it can t[e

In this operation range the jitter of the total initiation time was concluded that the penetration depth of the pulsed discharge
in the order of I ns. It should be noted that the uncertainty into the cathode is approximately 20 mm. Thus with the inner
of the time measurement is in the order of 0.5 ns. cathode radius of 3.86 mm, the maximum power density be-

For the evaluation of the impedance of the discharge only the comes approximately 220 kW - cm-".
flat part of the measured voltage pulse was used (see Fig. 3). The limitations of the current regime in the experiments
The voltage peak directly after the initiation of the pulsed HCD presented are determined by two properties of the experimen-
is due to the capacitance between cathode and anode and,there- tal setup limiting the charging voltage.
fore, not taken into consideration. Once the discharge is initi- 1) The spark gap design did not allow triggering below 2 kV; a.

ated, its impedance does not depend on the preionization cur- therefore the characteristic of the discharge in the low current
rent. The influence of the pressure on the pulsed HCD (Fig. 7) density range of 10-100 A cm -2 , which may be of interest

S% -%,
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will allow side-on and end-on observations (see Fig. I). A streak
camera analysis is planned.

so--4 IV . SUMMARY ''In conclusion, we report the successful operation of a pulsed

2high-power density hollow cathode discharge. The delay time
between appLied voltage and initiation of the discharge strongly

i o depends on a preionization source (dc discharge). Delay times %of 3 na and discharge risetirnes of 2 na were obtained at a jitter ',

of I ns or less. The short initiation time combined with low
,.*ssR TOM jitter will allow synchronized operation of parallel hollow cath-

10ft**?OW= T .ode discharges. In the given device, the maximum power den-
sity was in the range of 200 kW . cm-3 . With an impedance

matched line (approximately 10 12 for the given HCD), power
Fscage cu rrnt fdensities up to 103 kW cm 3 should be expected. These fea- ,p,

Fig. 10. Discharge power versus discharge current for the pulsed ho. tures indicate that such a device may be useful for the fast pro- ",...

low cathode discharge. duction of high energy levels with short decay times as required

in discharges for pulsed UV gas lasers. The feasibility of using
in large area diffuse discharges, was not inves- multiple hollow cathodes for the production of diffuse dis-

charges will depend on the scaling behavior when smaller diam-
tigated in detail.

2) At charging voltages above 13 kV, frequent arcing occurred eter hollow cathodes are used.

across the gap between the electrodes. In this case the oscillo- REFERENCES

scope traces showed an initial reflection just as for the HCD(seeFig.3) ad ten atranitin toan umeaurabe smll iI 1 D. H. Douglas-Hamilton and S. A. Mani, "Attachment instabilhty
(see Fig. 3) and then a transition to an unmeasurable small im- in an externally ionzed discharge," J. Appl. Phys.. vol. 45. pp.
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The performance of externally controlled, high-pressure, diffuse discharges as switching elements
in pulse power systems is strongly determined by the recombination and attachment processes in
the fill gas To obtain high control efficiency and fast response of the diffuse discharge switch the
discharge must be attachment dominated with the attachment rate coefficient increasing with
field strength An electron-beam controlled diffuse discharge system was constructed to study the
behavior of pulsed discharges in the submicrosecond range in gas mixtures containing N2 as a
buffer gas and small additives of electronegative gases. The results of experiments in N2 plus N2O
were compared with values obtained with a Monte Carlo code and a rate equation calculation.

INTRODUCTION The electron source is an electrically heated arra, of

Inductive energy storage is attractive in pulsed power 375-pm-diameter thonated tungsten filaments At a fila- ... ",
applications because of its intrinsic high energy densty com- ment temperature of about 2100 K, the e-beam current den-

pared to capacitive storage systems. The key technological sity is about 4 A/cm: over the 100cm cross-sectional area of

problem in developing inductive energy discharge systems, the beam. The current density can be varied independentlN

especially for repetitive operation (repetition rates greater of the accelerating voltage by adjusting the filament tern-
than one kilopulse per second) is the development of opening perature. The control grid, which is located 0.4cm above the
switches. Promising candidates for repetitive opening filament array, is negatively biased to hold the e beam off.

switches are e-beam or laser controlled diffuse discharges.' even when the accelerating voltage is applied to the plate

The schematic diagram of an electron-beam controlled The e beam is turned on by applying a positive voltage pulse

opening switch as part of an inductive storage system is of typically V= + 4kVtothegrid. Thecontrolgridisdrin'-

shown in Fig. 1. The switch chamber is filled with a gas of en by a pulser which provides a train of pulses with variable

pressures of I atm and above. The gas between th electrodes amplitude, pulse duration and pulse separation.2 A second

conducts and allows charging of the inductor, when an ioniz- grid, 0.6 cm above the control grid, shields the control sys-

ing e beam is injected into the gas (usually through one of the tern electrostatically. %
electrodes which might be a mesh or a foil). The switch vol- Measurements of the electron beam current at the cath-

tage remains below the self-breakdown voltage, so that ava- ode and at the anode-after passing through the titanium

lanche ionization is negligible. Thus. the discharge is corn- foil-were performed with transmission line current trans-

pletely sustained by the e beam. When the e beam is turned formers' Figure 3 shows the e-beam current pulses, evaluat-

off, electron attachment and recombination processes in the ed from current transformer signals. The decay in amplitude

gas cause the conductivity to decrease and the switch opens is caused by the exponential plate voltage decay. Because of

Consequently the current through the inductor is commu- the reduced transmission of electrons through the foil at lois-

tated into the load er electron energies the effective time of operation is limited

EXPERIMENTAL SETUP

For the investigation ofe-beam controlled conductivity
in a high-pressure diffuse plasma a discharge system was
constructed with an e-beam tetrode as the control element."
A schematic cross section of the discharge chamber and e- INDUCTOR
beam tetrode is shown in Fig. 2 The e-beam cathode is locat-
ed in an evacuated Pyrex cylinder between the two plates of a CURRENT
stnpline. The anode consists of a grid of molybdenum % ires SOURCE
at a distance of 7 cm from the cathode The anode grid covers
the entrance of a 13-cm-long drift tube which is terminated LOAD

by a 25-pm titanium foil. The foil is supported by an array of SWITCH

titanium bars. The e-beam voltage is applied to the anode b. __ _
a two-stage Marx generator. The generator (Physics Interna- -FOIL - ANODE
tional Co. FRP-2501 can deliver a maximum voltage of 2;() ELECTRON - BEAM

kV with a ouns retime and %ith an exponential decN HmeA.A.D.

constant of about 2.5 ads into a 300-e n load. CONTROL HEATED CATHODE

'Supponed b) Air Force Office ofScentific Research and Arm) Research FIG I Schematic of an e-beam controlled dtffuse diocharge opening
Office $%itch
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0 ,.0 2 S S 10 1 14 6

E/N (0'1V cm') ',

FOIL FIG 4 rkecay rate constants of the electron conduction current b) adding
N.O in 31', Tort of N, at vanous E IN see Ref 71

E-SEAM CATHODE low forward voltage drop and fast opening can only be ob-
PUE tained by choosing gases or gas mixtures which satisfy the

following conditions'14.5:
(1I For low values of the reduced field strength E /.

(conduction phase) the gas mixture should have a high drift
CURRENT VACUUM velocity ' and low attachment rate coefficient k..
SENSOR PUMP (2) For high E IN values (opening phasel the gas mixture

FIG 2 Cross section of e-beam teirode and switch chamber should have lower drift velocities and high attachment rate
coefficients.

(3) To avoid the onset of the attachment instability dur-
to approximately I ps with the voltage generator used in this ing conduction, the switch should be operated at E IN values
experiment. where the attachment rate coefficient has a minimum or a

After passing through the titanium foil and a 12.5/am negative slope.
aluminum foil, which serves as an electrode in the diffuse Along with these considerations, several gas mixtures have
discharge switch, the e-beam generates diffuse plasma been proposed for diffuse discharge opening switches" For
between the electrodes in the stainless steel discharge our theoretical investigations N2 was chosen as a buffer gas
chamber. The current through the plasma is provided by a 2- with N2O as the added attacher. The N, was used since a
12 pulse-forming network (PFN), which delivers a flat top complete set of cross sections is available' and the plasma
current pulse of I js duration and an amplitude of up to 12.5 chemistr in a mixture of N2 and NO appears to be relative-
kA. ly simple. Furthermore, N20 in an N- buffer gas exhibits an

E /N dependent electron decay rate which increases by more
SWITCH-GAS PROPERTIES than a factor of 20 in the E /N range from 3 to 15 Td, as

The switch opening time, after e-beam turn-off, is deter- shown in Fig 4. It should be noted that N. has an electron
mined by the electron loss processes in the diffuse discharge: drift velocity which increases with E/.% and therefore is not
recombination and attachment. In order to achieve opening the optimum buffer gas in diffuse discharge opening switch-
times of less than a microsecond at initial electron densities Cs. However, for gas mixtures which show a strong attach-
< 10"' cm , the dominant loss process must be attachment, ment rate increase, the drift velocity condition at high E/N is -

which means that the switch gas mixture must contain an generally of minor importance
electronegative gas On the other hand, additives of at-
tachers increase the power losses during conduction Both DISCHARGE ANALYSIS

To calculate the current-voltage characteristics of a dif-
fuse plasma sustained by an electron beam, as well as to
evaluate the time dependent impedance of an externally con-
trolled discharge in a given circuit, a computer model has
been developed that enables fast calculations for a vanety ofI conditions.' It does not, however, provide for spatial anah -
%,, of the discharge The code uses two independent pro-zW 4 gram% In a first computation, all rate constant% of the signif-

5 icant processes are calculated as a function of £IN for a
representative gas mixture. These calculations use the E IN

TIME (100 na/di) dependent electron energy distmbution functions that hase
FIG 3 r-beam current pukes MCAured at the cathode been previously compiled using a separate Monte Carlo
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FIG. 6 Time dependence of switch current with N2O concentration as the

variable parameter.
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REDUED FELDSTREGTHE/N TdJ(3%) the switch current pulse replicates the e-bearn current
FIG, 5 Calculated steady-state jvsEINcharactestics for an -beam sus- pulse, except for the tail. The tail may be caused by the cur-
taied discharge in N, with admixtures of N20 The electron generation rent carried by positive and negative ions. The current gain
rate is 8x 10:2 cm-' s-'. The parameter is the N,O fraction in percent (see (wthcreteeto emcret saot2frti
Ref. 5 i " a e

high attachment concentration. For concentrations of 0.7%,
the fall time (l/e-time) increases to approximately 100 ns.

code. In a second step, a system of circuit equations and rate For 0. 1% it is on the order of 500 ns. The gain increases to 2
equations has been solved, where we used the previously cal- values of 9 and 12 for 0.7% and 0. 1% N20, respectively.'I
culatedEIN dependence oftheratconstants,assumingthat Figure 7 shows the j vs E IN characteristics of the e-

they do not change significantly for small variations of the beam sustained discharge under steady-state condition in I
gas mixture. atm N, with 0.7% Nur . The curve represents the calculated

The transient behavior of the discharge as part of a dis- values, circles the experimental results. The experimental
charge circuit is discussed in Ref. 5. The calculation of the values at higher IN correspond well to the theoretical

steady-state behavior of the diffuse discharge does not re- curve. However, the measured discharge characteristics do

quire information about the circuit. Calculations of the not exhibitthe predictedcurrent maximumat E INvalues of
steady-state discharge characteristics were performed with approximately 4 Td. These results seem to indicate that at-
the relative attacher concentration in the buffer gas as the tachment is dominant even atn <n4Td, where, according
parameter. Figure 5 shows the current density j versus re- to the measured values of the decay rate see Fig. 4), attach-

"
dcd eld seng thp ENars te crcistc eqtons differ te .0 0.t ishoul he liibe. Thi assmtheion icnfirese tob)

cetrations inen oNe, bufere gas Te tota presseios caI resltes of 9anl prformed att0.1%ntO raepefcie.t

atm. At small E/n, below 4 Td the electron loss is due to measurementsh and by Monte Carlo calculations of the at-
recombination only. At about 4 Td the attachment rate coef- tachment rate coefficient' based on experimentally obtained
ficient rises steeply. This means that, for reasonably high
attacher concentrations in the buffer gas, the losses increase
drastically, causing a negative slope in the current-voltage %
characteristics. At 30 Td, where the attachment rate coeffi-
cient is assumed to level off, recombination becomes more ob0.7% V,
important again, as demonstrated by the change in the slope E • sulo'em'W
of j vs E/N, at this value.

EXPERIMENTAL RESULTS

Diffuse discharge experiments were performed in NO, w.
SO,. and CO, with N, as the buffer gas. The e-beam tetrode 0
was for these experiments mostly used in the single pulse 2- 0 0o

£ 0", ,

mode The source term, the number of electrons produced a 0 0 0

per cm and per econd. was in the range of 102 'cm s to U
I0" cm I he <oltage applied at the PFN was varied 0 _ .,%"-
I-Aeen 2 and 20 k% Ihc switch electrode gap was kept 0 4 S 12 16 20 %.

untant at 3 5 cm REDUCED FIELD STRENGTH E/N [TdI

Flgre 6 shwi, the influence of attacher concentration FIG I Current density j vs reduced strength E.N for a discharge in

% ) or the switjh Lurrent For high NO concentrations N: %()0 cakula(ed cure and experimental data points,
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FIG 9 Discharge resistivity p0 as a function of reduced field strength E /,%

attachment cross-sections =o The loss of initially high energy fo d-hrg n ,S,!20 oy
secondary electrons by. attachment as they' lose energy by .'",-

inelastic collisions couJ: also, at least partially, account for charge impedance at low E/Nand the relatively high overall e
the absence of the current density maximum in the experi- resistivity make the SO,:N 2 mixture not a good gas mixture €

mental values at low E IN. Monte Carlo calculations are un- for switching. The N2O0N 2 mixture, under the same condi-
der way to gain a quantitative understanding of this effect. tioris (gas pressure. e-beam source term, and opening timei.

Even with the attachment onset at E iN < 4 Td, that has a much lower resistivity at low E/IN, which means that

means with an attachment dominated discharge during con- the Joule losses dunng conduction can be kept lower for this ,,
duction. the NO:N2 mixture seems to work fairly well as an gas mixture.
opening switch gas. It satisfies the requirement of having low
resistance at low E IN and high resistance at large E IN, as N2:CO, .
seen on Fig. 8, where the results of current-voltage measure- Lk : n O, O a nicesn tahet ' '

ments (Fig 7j are plotted in a resistivity versus reduced field Laecoien with an SO Tedaatgeo CO. a nicesn attachmet::'
strength diagram. It shows an increase in resistivity of al- asaopngswchasiitretvlyowoizinee-

mosttwo rdes ofmagitud innE I rage o 3 og20Td. The field strength range where the attachment coeffi-

N,:S02 cient r/ exceeds the ionization coefficient a reaches only up

N0:SO

to approximately 60 Td."l This value determines the hold-off ,,
Another gas which has the required E/N dependence of field strength in this gas. For E/N> 60 Td the current nses :,.-

00.

the attachment rate coefficient is SO. (Ref. IIl). The SO. has again, which means that the switch closes further instead of ,.* "."
a lower attachment rate and an onset of attachment at higher opens after e-beam turn-off.., .
values of E/IN, compaed to N,0. In order to get opening This effect was demonstrated by operating the diffuse J ,,
times similar to those in the 0 7% NO:N, mixture, the con- discharge at different values of E IN about the crossing poi nt l
centration of S0Q in N, as the buffer gas had to be increased of the attachment and ionization curves (Fig 101. The dis- _'
to 20%. The total gas pressure was reduced to 250 Torr, to continuities in the switch current curves represent the step- ...
cover a wider range off EN with the given switch voltage wise increase in electron concentration in the switch ga,, due ""-

Figure 9shows the resistivity versus E/.',ofanSO.2 :N., to three successive, ionizing. e-beam pulses The applied "-"
e-beam sustained discharge with S = 3 ." 10'cm s - field F/. INi gisen by the upper values at each picture E NVL.
The resistivity nses above an E/,' of 50 Td. indicating an drops to the Iower value at the maximum of the ssst..h cia-

increase in attachment at this value This nse is in agreement rent after approximately l/os. In the range of E IN behv bs(
with measured attachment characteris tics in pure SO. An Td the net ionization coefficient (a - 17 iS negatiSC thus %
increae discharge impedance is also observed at low, re- electron attachment losses outweigh the ionization gain The %

duced field strength. as, indut-d t. two high resistivit) sal svit~lh urrent decreases after e-beam turn-off.rit:IJ l,, ; .I
ues shown in Fig 9. helou, an F/f.N of 10 Td This increase i e . this means the switch opens Ho ,eser. because of the,,a""
might be caused by strong three-body attachment proceses small attachment coefficient of CO2 compared to S() and
at near thermal electron ''rie and SO, formation via N :0. the switch opening time (even for the high concentra-
the radiative stabilization process '' Both the increased di,,- tion of 20% in N2 as buffer gas) is much longer than for the :,

J Apo PIys Vol 57 NOc 5 1 Ma ctr 1985 Schenbac-e! a,.
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SWITCH CURRENT VS TIME E/N RANGE e beam, the current stays constant because the ionization and 176
attachment processes balance each other.

SUMMARY

Diffuse discharge investigations were performed in the
gas mixtures N2:NO, N 2:SO 2, and N.:CO2. The experimen-

32- 39 Td tally obtained current-voltage characteristic for N,:NO

agrees with previously obtained theoretical results at high

E/N. The discrepancy in theoretical and experimental data
at low E/N reflects the uncertainty in basic data for NO.
With respect to the criteria for optimum switch gases flow .

losses during conduction (at lowE IN), large losses during

and after opening lat high E/N )], N 20 in N 2 is superior to the
other investigated gases. For opening times of - 100 ns, the

54 - 58 Td current gain was in the order of 10. With better utilization of

the e-beam energy in our system, a gain of 100 can be
achieved. Shorter opening times, down to - 10 ns, are possi-

ble with higher attacher concentrations, however, at the ex-

pense of reduced current gain.
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STREAK PHOTOGRAPHIC STUDIES OF TRIGATRON-TRIGGERED BREAKDOWN*

M.R. Wages, G. Schaefer, and K.H. Schoenbach

Department of Electrical Engineering
Texas Tech University

Lubbock, TX 79407

and U.

P.F. Williams

Department of Electrical Engineering

University of Nebraska %
Lincoln, NE 68588-0511 %

ABSTRACT *1_
We present the results of a systematic streak

photographic study of trigatron triggering which
clearly demonstrates the role of streamers in %
initiating breakdown of these gaps under conditions of "
interest for practical switches. These results show 1 1
that the initiating conditions for these streamers
strongly affect their properties and, therefore, the
switching characteristics of the gap. and they
underscore the importance of the heating phase to the
breakdown and overall switching characteristics of
these devices.

Trigatron spark gaps are commonly used for high
voltage, triggered switching applications. Although a
substantial volume of engineering information
concerning the design of such gaps has accumulated, Figure 1. Schematic Drawing of the e~perimental setup.
there is controversy regarding the physical mechanisms -
responsible for triggering breakdown in these gaps.
We discuss events in the breakdown of these gaps which pin. The model proposes that triggering is the result of
clearly establishes the role of streamers In the triggering the formation of one or more streamers starting at the tip 6.1
of trigatrons, and which provides nee, and in some cases of the trigger pin, and that these streaners appear and . -

puzzling, informetion about these streamers, propagate across the min gap independent of and before the
Fig. I shows a schematic drawing of the trigatron gap appearance of the spark in the trigger gap. The arc channel

used in this stubV. To specify the polarity configuration then forms through an ohtic heating process. The termlnus
of a specific e)eriment, we use the short hand notation +- of the arc channel is the trigger pin tip, and the trigger
for example, where the first sign indicates the polarity of spark between this tip and the adjacent main gap electrode
the min gap electrode without the trigger pin and the forns only to complete the circuit. This model was
second indicates the polarity of the voltage pulse on the supported by voltage and current measurements, by time- .,
trigger pin, both relative to the main gap electrode with resolved photographs of the breakdown, and by the traces of
the trigger pin in it. In operation, a voltage less than photomultipliers recording the light emission intensity from
the static breakdown voltage, Vsb , is applied across the the gap.
min gap, which is triggered to breakdowm by the application %
of a high voltage pulse to the trigger pin. Good switching A. EXPERIMENTAL SETUP
operation generally requlres that the main gap voltage be We have carried out a systematic study of the physical %
close to static breakdown, but triggering is comonly echaniss responsible for trigetron triggering using high %
observed for applied voltages below 60% of Vsb. Consistent speed streak photography to resolve directly the initial
with the finding of other workers, we find the most events leading to breakdown. The eierimental setup used in
consistent triggering to occur when the polarity of the these studies is shown In Fig. 1. A trigatron of
trigger pulse is opposite to that of the more distant main essentially standard design was enclosed in a vacuum
9kp electrode (-+ or .), and we find the lowest delay to enclosure which can be evacuated and then backfilled With
Switch closure in the -+ configuration. In this paper w any desired fill gas. Voltage was applied to the min gap
discuss results for all four possible polarity through a charged coaxial cable system. To minimize the
configurations and for a range of main gap charging intense optical emission from the fully formed spark channel
voltagas. a short (10 ns) charging cable was used. The trigger pin

Several mechtnims for trigatron triggering have was insulated from the adjacent electrode by a ?Icor ceramic
been suggested. ' 4 Of most relevanci to the work we discuss sleeve, and the position of the pin tip was adjustable. The
here is the model of Skuropat. 6 ,  This model is based pin was nchined to a sharp, off-center point in order to
primarily on the observation that trigatron triggering encourage the trigger spark to form at the soe position
d oend an the polarity of the pulse applied to the trigger each time. The min gap electrode separation was 8 m and IL
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there as a 4 m diamter hole in one electrode to
accommodate the trigger pin and insulating sleeve.

In order to provide a fast rise time, reproducible PURE N 473 TORR
voltage pulse to the trigger pin, a photoconductive switch
was used In the trigger circuit. The switch consisted of a
1x4x15 = bar of Mghi resistivity Gas wth conductive epo)
electrical contacts on each end. The switch was excited
with the 1.06m output of a Q-swltched Nd:YAG laser wich +
provided 5O a in a 8 ns FWitS, 3 ns rise time pulse. The
switch connected a short length of RG58/U coaxial cable,
charged through a large resistor, to the trigger pin of the 93.1% Vsb
trigtron. There was a Ik2 resistor between the switch and
the trigger pin to inimize the enerw deposited into the _

trigger spoar, and to ensure that the voltage on the trigger
pin fell rapidly to zero upon breakdown of the trigger
gap. The output voltage of the switch, before the 1 ko
resistor, was mitored with a Tektronix high voltage probe
and displayed on a Tektronix 7831 storage oscilloscope.

B. EXPERIKNNTAL RESULTS
Streak photographs of the early stages of breakdown in

pure with the polarity configurations +- and -,

respectively are shown in Fig. 2. The positions of the main
gap electrodes and the trigger pin are indicated to the
side. The bright region on the lower electrode is from the 92.8% V
trigger spark and the corresponding bright region on the s-

upper electrode is a reflection of this spark. In both _

cases, a weak lumnous front is seen to propagate from theA
trigger spark across the gap. These photographs were
obtained by di gitizing and storing the output of the streak
camera, and the relatively low spatial resolution of the Figure 2. Streak photographs of the initial stages of
digitization process is evident In the photos. Although the breakdown in the two hetero-polar configurations. Positions
shot noise in these photographs makes precise determination of the electrodes are Indicated in the drawings at the
of the characteristics of the front difficult, the beha ior rigt.
is similar In the two cases, and the propagation velocity Is
Ixio8 a/sec. The delay to min gap breakdown, defined as
the tim between the fall of the trigger pin voltage and the 1.8xi07 cm/sec, coarable wth the electron drft velocity
onset of the current rise in the min gap, as 20 and (5 ns at this EIN of IxIO cm/sec. 8

for the +- and -+ configurations, respectively. We have also studied streamers in gas ixtures of K2
shor observation that the -+ configuration produced a containing 2.5 and 20% 0. The results observed in these

shorter delay than did the +- s consistently observed in cases ware generally similar to those with a pure N2 fill,
our eiperinents, is in agreement with the findings of most except that in the -+ configuration with 0,, the lunous
other workers, and underscores the importance to switch front clearly started from the tip of the trigger pin
closure of the second, or heating, phase of breakdom in instead of from the trigger spark in several cases. Fig. 4
which the resistive streamer channel is converted Into a shows streak photographs obtained In the -+ confi gurati on
highly conductive spark channel. with the trigger pin extending into the gap as shown. The

Fig. 3 shows the velocity of these fronts as a function upper photo ws taken wth a N2/Oz fill, whereas the loer
of main gap charging voltage for pure 12 for the polarity resulted fr a pumre '2 fill. In the upper photo the
configurations -, and +-. The notation e beside some points 1inous front clearly starts fro the tip of the trigger-
indicates that the point as obtained with the tip of the plin, ad propagates very rapidly for a istance of 2 

trigger pin extending past the plane of the main electrode, starting at the sam time as the appearance of the trigger
into the gap. All other points ware obtained with the tip spark. It is unclear whether the agent responsible for the
still inside the hole in the min electrode. The luminous front actually propagates In this mnner, or If it
determination of the velocity of the front is somewhat started before the trigger spark and propagated wre slowly, 
subjective tue to shot noise. The error bars in Fig. 3 but only became visible due to ptolonization from the
Indicate the largest and smallest reasonable values for this trigger spark. After this point, the front travels with
veloci ty. wor or less constant speed across the gap. This behavior N

We also Investigated the + and -- polarity is not seen in the streak photograph taken with pure N2 .,
configrations, and found that triggering was slgificantly fill.
inferior In both cases to the -+ and *- configurations. Further evidence that the lunous front starts from
With the - configuration triggering as sporadic. We the tip of the trigger pin Instead of from the trigger spark
observed a very wak luminous front with the in 0-containing mixtures Is seen in Fig. 5. whIch shows a
configuration at charging voltages above about 75% of Vsb' str k photograph obtained ith the trigger pin esed
but in no case did wa observe a front with the -- Into the main electrode, at a higer charging voltage than
confIguratlon. Further the velocity of the front was USh with Fig. S, and with the -4 polarity configuration. In %
slower in the - configuration than In the -+ or *-. A a this case, the luminous front clearly starts before the
charging voltage Of 95% f Vbb corresponding to a uniform appearance of the trigger spark. Consistent with the
field (/N - lxl0 " VScV, the velocity Is approximately findings with the trigger pli extending Into the gap, this I OI
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20 4 5.4% VSb

T 471 TORR

Z A0J0 2.21O

> 0 1 -U0 n4N

- 47.8% V b

l PURE N2

W473 TORR S
I- gure 4. Streak photographs obtained with the trigger pin

extending into the gap region. he upper photo was with a
K2/02 fill, and the lor with pure Pt. Note that the
lumnous front clearly starts from the tip of the trigger
pin in the upper photo.

6L SL 1 2 14 16 7 1 N,
VOLTAGE (KV) 2.6% 02 471 TORR 78.5% Vsb

Figure 3. Plots of the dependence of the streamer
velocities on applied voltage for the tw hetero-polar
configurations. Due to shot noise in the streak photos the
determination of this velocity is somewhat su*jectlve in _________

many cases, and the error bars give estimates of the largest
and smllest velocities which could be reasonable inferred
from these photos.

behavior wes observed only with fills containing 02. and
only In the -+ confi guratl on.

C. DISCUSSION
We associate the luminous fronts such as in Fig. 2 with

streamer. For the higher charging voltages, and in the
hetero-polar -+ and +- configurations, the velocity of these
fronts Is mare than an order of maitude too large to 51 n$
result from the propagation of an electron swm under n- Figure 5. Streak photo obtained with the trigger pin
enhanced field conditions. Surprisingly the propagation recessed inside the main electrode, with an 02-contalnin
velocity is the same for both main gap charging fill mixture.
polarities. Particularly at loer applied fields. It is m

generally accepted that under otherwise identical
conditions. a cathode-directed streamr propagates slower
then an anode-directed streamr. In our roAwricl of the trigger gap spark for the - configuration, werNM
simulations of streamer propagation, howver, w found that in the - case there ws a delay of - 20 ns before
quasi-stable propagation ws possible for a wide range of significant current rise ws observed.
streamer head shapes and sizes, and that the propagation The strong dependence of the streamer characteristics
VeOt% varied si iificantly with head shape and on the relative polarity of the trigger voltage pulse it

size. b0  W conclude, therefore, that the sizes and other surprising. If the streamer propagated wile the trigW
characteristics of the cathode and anode-directed streamrs pin ws still charged such behavior uld be exected. lK e
ee in Fig. 2 must differ. This conclusion is supported by for the hetero-polar configuration the charged trigger F11

the data on min gap breakdow in which the main gap current enhances the electric field between the pin and the dl taMt
ins observed to start to rise within 5 ns of the appearance electrode, whereas In the hamD-polar configurtion the field

m. A
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Is reduced. Indeed, the observation of substantial of the formtion of a streamer fron the trigger pin tip
afferces In triggering aracteristics in th and fnsted of tae tpe, n thhs tise.
%m-polar configurations led Shkuropat to suggest that the
strer originated fr the tip of the trigger pin and We thank A. Bushnell and W. Rufvally for helpful
proagated arss the ain gap prior to the breakdon of the discussions of trigtrons and photocondti ve switches
trigger pp. 1n our results with pure Ki fills, hoMever, respectively. The work *s sported by AFOSR Grant it.
the stremr is initiated by the appearance of the trigger AS 4 32.

spark, and, because of the I kg resistor in the trigger
circuit, the trigger pin voltage certainly drops to a REFERENCES
negligible value at this tim. We conclude, therefore, that * Work sponsored by AFOSR.

to initiating conditions for the streinr play a do inant t Work conducted at Texas Tech University.
role In the subsequent behavior of the strea ir. This [11 J.D. Craggs, M.E. Itlne, and J.M. M , J. Inst.
conclusion is consistent with a similar observation Elect. Eng. 93, 963 (1946).
discussed above reached on the basis of the similar [21 T.E. Broadbent, Brit. J. Appl. Phys. 8, 37 (1957).
velocities of cathode and anode-directed streamr, and it is 3 T.E. Broadbent and A.H.A. Slash, Brit. J. Appl. Phys.
eete on the baSis of r nmeri sulItio tn 4 687result

for ofrole our smaao resus4, 67(1983).JI
ostreawrs. U  141 A.M. Sletten and T.J. Lewis, Proc. IEE 104C, 54

The observation of the very 1, propagation velocities (1957).
for fronts with the +4 configuration, and the absence of [5] Y. Yoshida, J. Phys. Soc. Japan 42. 1404 (1977).

luminous fronts for the -- configuration suggest that 6 P.!. Shkuroat, Zh. Tekh. Fiz. 30, 954, (1960) [Sov.
streamers are, in fact, not even formed in these ham-polar Phys. Tech. Phys. 5, 895
configrations. It appears that in the ++ configuration the (1961)].
luminous fronts we observe are associated with electron [71] P.!. Shkuropat. Zh. Tekh. Fiz. 39. 1256.
serms drifting across the gap, perhaps with the aid of (1969). [Sov. Phys. Tech. Phys. 14, 943 %
weakly space-charge-enhanced fields. The absence of a (1970)).
visible propagating front for the -- configujration Is then 181 J. tDjtton, J. Phys. Chem. Ref. Data 4. 599 (1975). V
expected since the polarity is such as to push any free 9 S.K. Oshli and P.F. Wlliaim, Phys.-Pev. A 31, 1219
electrons bad into the trigger spark. Beakdown in this (1985).
case must be the result of ohmic heating occurring after the [101 02-0 imerical Simulation of Streamers in Atmospheric
creation by the trigger spark of substantial free electron Pressure N," S.K. Dahli and P.F. Wlliam, this
density in the ma n gap region either through conference.
photolonization of the fill gas, or the emssion of -F
photoelectrons from the cathode.

Our observations with the trigger pin extending into
the min gap further support the Importance of the
initiating conditions on streamer characteristics. Although
the eierimental error bars are large, it appears that for
both hetero-polar configuratlons faster streamer velocities
are observed with the pin extending into the gap than with %
it recessed Inside the main electrode. Greater field
enhancements In the region of the tip are empected for the .-
exterior case, and in visw of the results discussed above
for the + configuatlon, we would expect the propagation
velocity to be faster when initiated with the larger field ,

enhancement, as observed. .5

Finally. w consider the conditions leading to the
appearance of a streamer prior to the trigger spark. We
observed this behavior only with an -ontaining fill
mixture, with the -+ polarity configuratton, for min gap
charging voltages greater than about 75% of Vsb, and with
the trigger pin inside the min electrode. lhis last
restriction is probably the result of the fact that we were P
only able to reach charging voltages of 60% of the uniform 4.

field V with the extended pin due to the reduction in the
D.C. hordoff voltage of the gap in this case. Our finding
is in agreement with the model of Shkuropat for long, air-
filled trigtron gaps In which breakdown triggering results.
from the fomtion of a streamr at the trigger pin tip,
indepedet of and before the breakdown of the trigger%
gap. It Is curious that w do not observe this behavi or
with a pure 12 f11l. We speculate that the enhanced field
at the trigger pin tip Is more important In gaps containing
02 because of the finite attachment cross section of 02 at
low fields. Perhaps larger fields are needed to reach a
regime where Impact Ionization exceeds attachmnt In order "-
to Initiate a viable streaer. A similar r* rumnt would %

appear to be necessary for the opposite polarity
configuration, *-, however, but we see no edence for the r..0

appearance of a streamr before the trigger spark. or even

% % %
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PHYSICAL TRIGGERING MECHANISMS OF TRIGATRON SPARK GAPS

N.R. Wages. G. Schaefer, and K.H. Schoenbach
Department of Electrical Engineering

Texas Tech University
Lubbock, TX 79409

and 0

P.F. Williams
Department of Electrical Engineering

University of Nebraska
Lincoln, NE 68588-0511

In a trigatron a main spark gap with a regulated power supply. The

Is triggered to break down by apply- main gap discharged into a matched

Ing a voltage pulse to a smaller, 50 a load equipped with a resistive

auxiliary gap placed coaxial with divider current monitor. The

and Inside one of the main gap elec- auxiliary, triggering gap consisted

trodes. The main gap Is generally of a steel rod inside a Macor ceramic

D.C. charged to a voltage somewhat sleeve in the main gap electrode. An

less than the static breakdown volt- off-axis knife edge was machined on

age. Triggering delay and jitter the rod tip to encourage the trigger

are reduced with Increasing charging spark to form at the same place on

voltage, but reliable triggering has each shot. The ceramic sleeve was

been reported with charging voltages flush with the surface of the main

lower than 50% of static breakdown. 1  electrode and the position of the

Considering the widespread use of steel rod was adjustable.

trigatrons In pulse power switching

applications, the physical mechanism ILEC"SML WOMI.

responsible for triggering is of con- mn

siderable interest. We report the own
results of an experimental study,

utilizing primarily high sensitivity
streak photography, of the breakdown

of a trigatron gap.

A schematic drawing of the

experimental apparatus used In this _ o

study Is shown in Fig. 1. The spark

gap was placed in a vacuum enclosure.

Total fill gas pressure was generally '

450 Torr, and experiments were
carried out tah both a pure N2 fill Fig. 1. Electrical schematic of

carred ot wth bth apur N2 illtrigatron circuit,
and a mixture of N2 and I Torr of 02.

The gap spacing was 2 cm and the

static breakdown voltage for pure N2  Voltage was applied to the rod
fill was approximately 17.6 KV. through a GaAs photoconductive switch

Voltage was supplied to the main gap controlled by the -.10 ns wide, 1.06um
through a 50 a coaxial cable charged output pulse of a Nd:YAG laser. With

.1_

4'
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this system an essentially Jitter- In all streak photographs we

free voltage pulse of several KV have obtained, the trigger spark

amplitude was applied to the trigger appeared before any visible activity

gap. Triggering could be accom- In the main gap, precluding the first

plished with main gap charging volt- mechanism in our experiments. In

ages as low as S0% of the static streak photos of gaps with N2/02 mix-
breakdown voltage (VSB), and delay tures we see clearly a luminous front

and Jitter varied from about 20 + 1 propagating across the gap, starting

ns for charging voltages near VSB to from the trigger spark. Ir gaps with

several hundred ns for voltages near pure N2 this front, if present, is

the lower limit, very much weaker. Instead, emission

The early stages of the break- appears roughly simultaneously and

down were monitored with a high uniformly across the gap. Further,

sensitivity streak camera system con- using a short (%10 ns) charging

sisting of a Hamamatsu Model C979 cable, in open shutter photographs we

Temporal Disperser, and associated observe a large diameter, diffuse

control electronics. Open shutter glow of roughly uniform intensity for

photographs were obtained with a 35 pure N2 fills, and a similar diffuse

= camera, and spark gap current and glow but with Intense channels origi-

Voltage were monitored. In most nating from both main gap electrodes

cases, a short charging cable, for N2/0 2 mixtures. These observa-

corresponding to a pulse length of ttons suggest that the second, or

%10 ns, was used in order to minimize photoconductive, mechanism is domi-

the light intensity from the main nant with pure N2 fill, and that the

spark which could swamp the electron addition of small amounts of 02

optics of the streak camera. strengthens streamer formation,

Three mechanisms for trigatron probably through supression of the

triggering have been suggested. In photoconductive mechanism.

the first, field distortion around This work was supported by the

the trigger pin launches a streamer U.S. Air Force Office of Scientific

which crosses the main gap, event- Research, Grant No. AFOSR-84-0032.

ually causing gap closure. 1'2  In

the second, the ionizing radiation REFERENCES

from the trigger spark creates a 1. P.I. Shkuropat, Zh. Tek. Fiz 30,

broad conducting channel which 954 (1960) (Soy. Phys. Tech. Phys

finally constricts under ohmic heat- . 895 (1961)).

Ing to form the spark. In the third, 2. P.I. Shkuropat, Zh. Tek. Fiz. 39,

the plasma of the trigger spark 1256 (1969) [Sov. Phys.
Tech. Phys. 14, 943 (1970)).

launches a streamer which crosses T

the gap, eventually resulting in 3. T.E. Broadben and A.N.A. Shlash,

switch closure.3 5 Propagation of Brit. J. Appl. Phys. 14, 687

this streamer may be aided by photo- (1963).

ionization produced by radiation 4. Y. Toshida, J. Phys. Soc. Japan

from the trigger spark. 42. 1404 (1977).

5. R.A. Dougal and P.F. Williams,
J. Phys. D 17, 903 (1984).
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ARC CJUI T, VOLTAGE, AND RESISTANCE IN A 1IGS ENERGY, GAS FILLED SPAIU GAP

3. Kas, H. Krompholt, H. Kristianaen, and H. Nagler
Department of Electrical Engineering/Computer Science

Texaa Tech University
Lubbock. TX 79409

Abetract

A spark gap was designed and constructed to with Rt g0  + ie(t) + R(t), L - L0 + Le(t) + La(t)
measure its time dependent arc resistance. The arc (Ro, L0 circuit parameters, Rg,  Le electrode
-urrent wus measured and the resistance calculated parameters, Ra, La arc parameters, and V0 breakdown
using the current waveform and the circuit parameters. voltage), the essential unknown quantities are the arc
Operating parameters were: Unipolar pulses, breakdown resistance, Ra, and the arc inductance, La. All the
voltage 35 kV, peak current 30 kA, toal energy per shot other parameters or functions can be either measured
I kJ. The energy dissipated in the arc was found to be easily ( i(t), C, L0 , Ro ) or estimated within a
5 2 to 10 2 of the total energy. Arc resistance vs. sufficient accuracy (Re, Le using the geometry of the
time curves were obtained for the electrode materials device and equations describing the time dependent
Stainless Steel, Copper-Tungsten, and Graphite; for the skin effect 151). If the arc inductance La(t) is
gases air, Nitrogen, and SF6 ; and the gas pressures 1, known within reasonable accuracy, Eq. (1) can be
2, and 3 ats. Statistical analysis was performed on solved for the arc resistance Re(t) obviating the
the resultant data. Essential results are: Within the need for making explicit arc voltage measurements.
statistical and measurement errors, the resistance is
independent of the electrode material. For each gas,
the resistance, I, is proportional to pd (p-pressure, Experimental Set-Up
d-gap distance). The constants of proportionality for
the temporal minimum value of the resistance are: The spark gap arrangement is sketched in Fig. 1. I"
31!7 a f/cm-bar (air), 47-14 a f/cm-bar (N2 ), and It was designed to facilitate changing of electrodes
76!16 a fl/c-bar (SF6 ). (electrode materials used were Graphite, Stainless

Steel, and Copper-Tungsten), to withstand up to three
atmospheres of gas pressure, and to provide easy

Introduction access for diagnostics. In order to obtain a unipolar
pulse in accordance to other experiments on electrode

In relation to spark gap erosion studies it is erosion conducted at Texas Tech University, the
important to obtain information about the energy or current was overcriticelly damped, using a load
power dissipated in an arc discharge. The main energy resistor of 0.8 Ohm.
sources for electrode erosion are Joule-heating of the
electrodes and the power dissipated in the arc itself.
In order to investigate the dependence of the erosion MARK IV SPARK GAP ASSEMBLY
rate on physical parameters, such a" the power .,
dissipated in the arc, it is desirable to have
Information on the arc current and voltage as a
function of time, with the voltage separated into ' *CTo Pulsar VP-60
resistive and inductive components. Whereas current Voltge Probe
measurements are straightforward, the measurement of Load ob
the arc voltage, and especially the separation into
resistive and inductive parts, is difficult at best.
The first problem in measuring the voltage is the
neccessearily high dynamic range of the sensor and g flow
recorder, from 10's of kilovolts before breakdown to
several 10's V during current maximum. Furthermore, ou

direct measurements at the arc (i.e. voltage
measurement at the electrode tips) are virtually
impossible. Viewing Viewing

Several authors have reported arc voltage Port Port
measurements in the past. larannik at al. 111 used
capacitive dividers in a coaxial arrangement, Sraudo
and Craggs [2] used a resistive divider and a biased gas flow 
diode to overcome the problem of the high initial in
voltage. Comon problems for these arrangements are,
among others, stray capacitances of the probes, use of
nonlinear elements, and the impossibility to
distinguist. beween resistive and inductive voltage
drops. heasurements of the spark gap resistance has
also been reported by Sorenson and Ristic 131 and by V
Ristic and Dubois 11 for very short pulses (T ( 2 ns) CO
where the arc drop is relatively large and
predominantly resistive in nature. Fig. I Experimental Arrangement

In the present paper a pragmatic approach was
chosen to overcome the mentioned difficulties. In the The current has been measured using a Pearson
circuit equation Coil (model 110) around one of the eight current

.O return rods of the system. In order to increase the
V0 . Jdt + Ii + (Li). (1) accuracy of the current measurement, the dl/dt signal

.. ."
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was also measured with a calibrated pick-up coil. where C1 describes the dependence on the gas. ThisOutput signals were registered with a transient constant has the values 31-t 7 
for air, 47114 for 12 ,

digitizer and stored in a computer. and 76t16 m /cm bar for SY 6 . Due to the measurement

errors, a dependence on pressure as proportional toFor estimation of the arc inductance, La(t), the p/2 as mentioned by 4esyats [6, cannot be excluded
self luminance of the arc channel yas recorded
simultaneously at three axial positions with a streak
camera. The arc inductance was calculated from the
channel radius as a function of time, taking a , , ,
homogeneous current distribution within the luminous GOO
channel as basis for the maximum Inductance value and a- _
surface current distribution " basis for the minimum _00

value. Both values have been considered to estimate E 00
the total error for the final calculation of the arc 500
resistance. 400

200
Results 100

Figure 2 shows, as an example, the arc current. -100
resistance, and resistive arc voltage, including the 0 1 2 2 4 5
range of uncertainty for the resistance. Inductive

- 0

SO -20
1 -4020 120

0 1 2 4 ,11
-140

S

2 Fig. 3 Inductive Arc Voltage Drops
a) Larc~di/dt. b) i'dLerc/dt

0 1 2 4 5"."1
The time dependence of the measured arc

resistance has been compared with different models for 'a
0. -9 1 -9the case of the filling gas being air. Whereas the

older models of Toepler (7] and Welzel/Rompe [8) showdiscrepancies of up to a factor of 10, excellent
agreement is found with the model of Mesyats 16) and ..
Vlastos (9] for times up to the current aximum (Fig. %
4).

1.000 
.Fig. 2 Arc Current, Voltage, and Resistance for

Graphite Electrodes In N2 at I Atmosphere. ' s ASTOS

parts of the arc voltage are in the same order of . 1 0 - E KIM
magnitude during the current maximum (Fig. 3). @ \ ".
Measurements have been performed for all combinations C 10-U

of electrode material (stainless steel 304, Graphite Al|
AFC-I0O, Copper-Tungsten 3W3), gases (air, N2 , SFb),
and pressures (1, 2, and 3 &to). The breakdown voltage j
has been kept fixed for all cases to 35 kV in order to 0.010
provide comparable peak current amplitudes of approxi- s
mately 30 kA by adjusting the gap distance. t

Within the measurement and statistical errors, no
dependence of the resistance on the electrode material 0.00 -------
has been found. The value of the resistance at its
temporal minimum depends on the gs type, pressure, end
gap distance a-ording to Nu I IIcymI

*s~is Cgpd Fig. 4 Comparative Arc Resistance Plot

9*~~~~ 9** - p,... -.
* gr+. ., , " "° V"
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Discussion

By careful design amid analysis of a spark gap and
Its circuit geometry. it Is possible to find the power
dissipated in the arc (Including the electrode fall
regions) within reasonable accuracy without performing
an explicit voltage measuremnt. Relatively simple
diagnostical methods, such as current measurements and

optical diagnostics using a streak camera to determine

the arc radius as a function of time, reveal sufficient

information to determine the arc resistance and the

power dissipated i;- the arc with an accuracy of

approximately 20 2.
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